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PLANT PHYSIOLOGY 

JANUARY, 1943 

THE PROCESS OP OIL FORMATION AND ACCUMULATION 
IN THE MACADAMIA 1 

Winston W. Jones and Lily Shaw 

Tn previous investigations of the problem of oil formation in the pecan it 
has been shown (4, 16) that the fatty acids, and consequently the oil and 
fats, are formed from carbohydrates, either stored or currently synthesized. 
The present paper deals with formation and changes in characteristics of 
the oil in the Maeadamia from the young embr 3 r o to the mature fruit. 

The oil present in the mature Maeadamia nut (Maeadamia ternifolia 
F.v.M. var. mtegrifolia Maiden) is very similar to pecan oil (2), consisting 
largely of the glyceride of oleic acid with small amounts of the glycerides 
of palmitic, stearic, and myristic acids (3). It has a saponification value 
of 197.3, an acid value of 0.57, and an iodine number of 75.2. As pointed 
out above, carbohydrates provide the principal carbon source from which fats 
are formed, but M’Clenahan (9) believed that in the case of black walnuts 
the oil was derived from tannins; ScrRTi and Tommasi (13) thought that 
the higher alcohol, oleanol, was converted into oil in the olive. 

The formation of limited amounts of fatty acids from hexoses outside of 
the living cell has been accomplished by S medley (14) who prepared these 
acids by first breaking down hexoses into C\ compounds followed by oxida¬ 
tion of the latter into pyruvic acid which was then condensed into acids with 
longer carbon chains. It is also of interest to note that fatty acids are pre¬ 
pared commercially from the paraffin hydrocarbons (5). 

Materials and methods 

All plant material herein described was collected on June 1, 1940, from 
an orchard near Honolulu, T. H. The fruiting habits of the Maeadamia 
are such that at this season of the year nuts of all ages from very young to 
mature can be collected from a single tree. The samples collected from each 
of six seedling trees were brought to the laboratory and the nuts from each 
tree divided into five age groups based on known condition of shell as related 
to age (7). Each sample was composed of about one hundred and forty 
90-day-old fruits and 35 fruits from each subsequent age group from each 

i Published with the approval of the Director as Technical Paper no. 100 of the 
Hawaii Agricultural Experiment Station. 
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of six trees. Since the carbohydrate and ether extract contents of the 
Macadamia husk and shell change very little during their development (7), 
these portions of the fruits were discarded and only embryos were studied. 
A description of the fruits at the time of harvest, including the approximate 
number of days jfrom flowering for each age group) ar|d the average fresh 
weight per embryo, is given in table I. 


TABLE I 

Condition of Macadamia fruits of different age groups at time of sampling 


Age group 

Time after 

Average fresh 

WEIGHT PER 

embryo 

Appearance and tf.x 

flowering 

TURE OF SHELL 


clay ft 

gm . 


1 

90 

1.14 ' 

Soft and white 

2 

113 

2.83 

Hard and white 

3 

136 

3.43 

Hard and tight brown 

4 

185 

2.88 

Hard and brown 

5 

215 

2.78 

Hard and dark brown 


Dry weight ' 

The youngest samples were dried at 100° C. for 2 hours in an air oven 
and then in a vacuum oven at 80° C. for 48 hours. Older samples required 
8 to 24 hours longer in the air oven adjusted to 80° C. On removal from 
the vacuum oven the embryos were cooled over calcium chloride and dry 
weights obtained after which the material was chopped into small particles 
by means of a sharp knife, redried and returned to the desiccator and held 
until analyzed. 

Analytical methods 

Oil. —The redried, finely chopped material was removed from the desic¬ 
cator and about 2-gram aliquots, the exact weights of which were recorded, 
were weighed into alundum cups and extracted with anhydrous petroleum 
ether in a continuous drip extractor for 6 hours. The sample was then 
removed, reground in an agate mortar, and re-extracted until free of oil. 
The petroleum ether was removed, and the extract dried, weighed and 
reported as oil. The oil was then held in the desiccator for the determina¬ 
tion of oil characteristics. 

Sugars. —The sugars in the oil-free residue were extracted with 80 per 
cent, alcohol. An aliquot of the extract was freed of alcohol, cleared with 
neutral lead acetate and potassium oxalate, and reducing sugars determined 
by the method of Stiles, Peterson, and Fred (15). After treatment with 
invertase, sucrose was determined. 

NmtOGEN.—Soluble nitrogen was determined on aliquots of the alcoholic 
extract by the reduced iron method of Pucher, Leavenworth, and Vickery 
(11) adapted to'the micro-Kjeldahl method described by Pregl (10). In¬ 
soluble nitrogen was determined on the residue of the alcoholic extraction 
by the above micro-method. 
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Acid-hydrolyzable materials. —These were obtained from an aliquot 
of the residue from the alcoholic extraction by determining the amount of 
reducing substances formed after digestion with 2.5 per cent. HC1 under a 
reflux condenser for three hours. 

Oil characteristics. —The ether extract was analyzed according to the 
official methods of the Association of Official Agricultural Chemists (1) 
with the exception of hydroxyl number determinations which were obtained 
by the sealed tube method of Roberts and Schuette (12). 

Results and discussion 

The data are presented in two parts: (1) those having to do with the 
accumulation of oil, carbohydrates, and nitrogen; and (2) those having to 
do with the analysis of the ether extracts. 


Accumulation of oil, carbohydrates, and nitrogen 
The accumulation of dry matter in the Maeadamia embryo (table II) is 


TABLE II 

Dry weight changes in the Macadamia frcit 


Age grocp 

i 

Time after 

FLOWERING 

j Average dry 
weight per 

EMBRYO 

Fresh weight 

PER EMBRYO 

i 

Percentage 

DRY WEIGHT 


day ;h 

gm . 

gm. \ 

% 

I 

90 

0.067 

1.138 

5.0 

2 

111 

0.491 

2.806 

17.5 

3 

130 

0.992 

3.410 j 

i 29.1 

4 

185 

1.382 

2.877 

48.0 

r> 

• 215 

1.882 

2.781 

67.7 


continuous from the time of the first sample through to maturity. This is 
not the case for fresh weight where the peak is attained rather early in the 
life of the frnit with a consequent slow drying of the embryo so that at the 
time of maturity the dry material consists of 67.7 per cent, of the total 
weight of the embryo. 

The data on the accumulation of oil, carbohydrates, and nitrogen are 
shown in tables III and IV. The results presented in tables III and IV 
agree closely with those already published (7, 8); they will be discussed 
more fully in connection with the formation of oil. 

The Macadamia plant, for the first 90 days after flowering, is largely 
occupied with the laying down of structures of the fruit and the growth of 
the husk, shell, and endosperm. Later the embryo enlarges rapidly and 
begins the formation and accumulation of oil. During the period from 90 
to 185 days after flowering, 44 per cent, of the total growth period of the 
fruit, 70 per cent, of the total oil is formed. It is of interest to note that 
during the accumulation of oil, protein and sucrose also accumulated. 
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TABLE III 

Carbohydrates, nitrogen, and oil changes in the Macadamia embryo, expressed 

AS PERCENTAGE OF DRY WEIGHT, IN RELATION TO AGE 


Constituent 


Days after flowering 


90 

m 

136 

185 

215 


% 

% 

% 

% 

% 

Reducing sugar . 

1.47 

3.21 

1.07 

0.41 

0.30 

Sucrose . 

6.07 

24.07 

21.91 

9.19 

5.50 

Total sugar . 

7.54 

27.28 

22.98 

9.60 

5.80 

Soluble nitrogen . 

2.92 

1.13 

0.61 

0.33 

0.27 

Insoluble nitrogen . 

1.96 

1.91 

1.58 

1.39 

1.43 

Total nitrogen . 

4.88 

3.04 

2.19 

1.72 

1.70 

Acid-hydrolyzable matter . 

4.54 

4.88 

3.85 

2.56 

2.16 

Soluble solids in 80 per cent, 
alcohol . 

60.10 

39.92 

28.36 

14.82 

9.88 

Ether and alcohol insoluble ma¬ 
terial . 

36.43 

28.88 

23.69 

17.89 

16.68 

Petroleum ether extract . 

3.46 

31.19 

47.94 

67.28 

73.44 


Analysis of ether extract 

Table V shows the changes in the oil characteristics during the develop¬ 
ment of the embryo. 

It is clear from table V that the most marked changes in the oil char¬ 
acteristics occur during the 21-day period from 90 to 111 days after flower¬ 
ing. During this period the acid number drops from 163.9 to 6.56 with a 
final value of 0.57; the saponification number drops from 380.6 to 204.2 with 
a final value of 197.3; soluble acids drop from 23.65 to 1.67 per cent, with 
a final value of 0.26 per cent.; and the iodine number increases from 64.4 
to 75.4 with a final value of 75.2. The unsaponifiable material is never 
above one per cent., indicating that the ether extract consists largely of 
fatty acids or esters. It is apparent that in the early stages of oil formation 

TABLE IV 

Carbohydrate, nitrogen, and oil changes in the Mac adamia embryo, expressed 
as milligrams per embryo, in relation to age 


Constituent 

* 


Days after flowering 


90 

111 

136 

185 

215 


mg. 

mg. 

mg. 

mg. 

mg. 

Reducing sugar. 

0.85 

33.69 

8.39 

5.41 

3.97 

Sucrose . 

3.93 

115.03 

196.65 

128.25 

100.87 

Total sugar . 

4.78 

128.72 

205.04 

133.66 

104.84 

Soluble nitrogen . 

t 1.94 

5.26 

5.33 

4.33 

4.75 

Insoluble nitrogen . 

1.33 

8.28 

14.35 

19.08 

26.12 

Totei nitrogen .. 

3.27 

13.54 

19.68 

23.41 

30.87 

Acid-hydrolyzable matter ... 

3.00 

23.27 

34.34 

33.43 

39.41 

Soluble solids in ‘ 90 per 






cent, alcohol...-. 

40.02 

187.25 

251.65 

201.20 

177.72 

Ether and alcohol insoluble 





material. 

24.92 

139.29 

213.54 

245.12 

304.22 

Petroleum ether extract — 

2.40 

164.95 

456.81 

930.02 

1339.39 
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short-chain fatty acids accumulate as such and these are not esterified until 
somewhat later. While the accumulation of oil in its final form tends to 
obscure the actual process of formation the data presented shed some light 
on the change from carbohydrates to fats. 

In the Macadamia it is likely that carbohydrates are the most important 
source of the oil. Microchemical tests have shown that flowering branches 
contain considerable quantities of stored starch while non-flowering branches 
on the same tree often contain no trace of starch. Thus there are available 
two sources of carbohydrates: stored starch, and that from current photo¬ 
synthesis. The starch in the flowering branches, however, largely disap¬ 
pears by the time oil formation begins in the developing embryo, which in 
the Macadamia is the organ of oil formation and storage (6, 8). No starch 
has ever been found in the embryo during development, and oil formation 

TABLE V 

Changes in the ciiar\cteristics of Macadamia oil in relation to age 




I)US AFTER FLOWERING 


CjI\R\< TIKISTK S 

r — 

— 

— 

— 

- — 


90 

1 "1 

136 

185 

215 

_ 

Acid number 

103.90 

, 6.56 

1 2.26 

0.73 j 

0.57 

Saponification number 

380.6 

204.2 

199.7 

197.7 

197.3 

Soluble acids (per cent.) 

23.65 

1.67 

0.46 

0.23 

0.26 

Insoluble acids (per cent.) 

48.14 

81.49 

86.42 

94.09 

94.21 

Iodine number 

64.4 

, 75.4 

74.4 

75.7 

75.2 

Unsnponifiable matter (per 
cent.) 

* 

0.75 

0.58 

0.42 

0.34 

Hydroxyl number 


. 11.1 

9.0 

6.0 

4.8 

Index of refraction, 2,'>° C. 


1 1.4681 j 

i 1 

1.4669 

1.4658 

| 1.4657 


* Insufficient material for analysis. 


necessitates the conversion of the liexoses and/ or sucrose that are moved into 
the embryo into fatty acids and glycerol for the formation of the glycerides. 

The movement of materials (soluble carbohydrates and soluble nitrogen) 
into, and the accumulation of non-mobile materials (oil and protein) in, the 
Macadamia embryo proceed rapidly as the embryo enlarges. Since the 
embryo at the onset of rapid accumulation consists of only a few cells, and 
since the husk and shell change very little in composition (7), this material 
undoubtedly moves into the fruit from outside sources. Aside from the 
mineral constituents and soluble nitrogen compounds, this material most 
likely was moved into the embryo as carbohydrates, probably hexose sugars 
(4). If this is the case, the hexose sugars are immediately transformed into 
other compounds as there is never found any accumulation of reducing 
sugars. 

In a study of the oil characteristics of Macadamia, the accumulation of 
glycerides obscures the early steps in oil formation since a large percentage 
of the ether extract consists of these 44 fully formed” glycerides. Thus the 
process of oil formation might appear to be somewhat different in the early 
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stages as compared to the later stages; this is not necessarily true, however, 
since the process may be masked by the fully formed glycerides. At first 
there is a marked accumulation of free fatty acids of low molecular weight 
with a comparatively low iodine number, which rapidly disappear as esterifi¬ 
cation begins, accompanied by a drop in the saponification value, indicating 
the presence of a much longer chain fatty acid. 

The accumulation of the free fatty acids can be explained in one of two 
ways: (a) either the formation of glycerol begins after the formation of 
the acids, or (b) the enzymes necessary for the formation of esters are not 
present. In the early stages the degree of unsaturation is low and hydroxyl 
acids are present; later, concomitant with oil formation, the degree of satura¬ 
tion increases and the free acids largely disappear. 

Summary 

1. Beginning at approximately 90 days after flowering of Macadamia, 
embryo enlargement and accumulation of oil are very rapid; 70 per cent, 
of the oil is formed in 44 per cent, of the total growth period of the fruit. 

2. The material utilized for oil formation moves into the fruit from out¬ 
side sources. Oil synthesis and protein synthesis occur simultaneously. 

3. In the early stages of oil synthesis short chain saturated fatty acids 
are formed first and accumulate; later, long chain unsaturated fatty acids 
are formed. 

4. Hexose sugar is apparently the starting point for oil formation. From 
the sugar, short chain saturated fatty acids are formed. The short chain 
acids are converted into long chain unsaturated fatty acids as synthesis 
proceeds. 

5. In the early stages of oil formation the short chain acids and glycerol 
do not combine probably because of the absence of the proper esterase. 

Hawaii Agricultural Experiment Station 
University op Hawaii 
Honolulu, T. II. 
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STIMULATIVE EFFECTS OF X-RAYS ON PLANTS 
II. J. Kersten, H. L. Miller and G. F. Smith 
(with eleven figures) 

Introduction 

The majority of previous investigations dealing with the effects of x-rays 
on plants have been concerned with the question of growth stimulation of 
the aerial portion of the plant resulting from treatments with weak doses 
of x-rays (4, 5, 6, 8, 9, 13, 14). The methods generally employed involved 
an x-ray treatment of unsoaked or soaked seeds, or of growing points. Ob¬ 
servations recorded during subsequent growth, particularly at maturity, 
were examined for evidences of stimulation. Reports of the stimulative 
effects of x-rays on the growth of the aerial portions of the plants are 
numerous but in only a few cases is the evidence conclusive. Inadequate 
sampling and limited test periods have been given as reasons for regarding 
the evidence as inconclusive. 

The view that a consistent growth stimulation effect might be obtained 
by using a specific x-ray dose, was emphasized by Siiull and Mitchell (21). 
They employed metallic screens, high voltage, low amperage, and short 
exposures. The use of metallic screens eliminated the soft x-rays. 

In addition to the x-ray treatment, however, it is also necessary to con¬ 
sider the condition of the test material. Chemical alterations, generally 
destruction, and re-synthesis are commonly affected by x-ray irradiation 
and, in biological materials, these may well be the fundamental factors con¬ 
cerned. Such x-ray-induced changes would undoubtedly alter plant growth 
in view of its chemical nature owing to the presence and activities of auxins, 
calines, growth inhibitors, and other growth factors (18). The experiments 
reported in this investigation were not designed to determine this chemical 
aspect of growth stimulation; it is worthy of consideration, however, in 
future experiments of this type. 

It is the purpose of the work described here to investigate the question 
of stimulation of primary root growth in seedlings of seeds given a small 
dose of soft x-rays. Previous work of Rivera (16, 17) reported stimulative 
effects of treating roots with small doses of x-rays. This, however, was not 
a study on root growth stimulation directly, but rather on the resulting 
growth acceleration of aerial portions of plants following the irradiation 
of the roots. 

In experiments described in this paper, com was found to be most suit¬ 
able for the method of germination employed. Stimulation as it will be 
used throughout refers to an increase in root length, or a greater wet or dry 
weight of roots of seedlings from treated seeds as compared with that occur¬ 
ring in the roots of normal seedlings. Observations were limited to the 
first five days of germination and the data presented refer solely to that 
period. 
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Methods 

The x-ray radiation was provided by a gas type x-ray tube (12) having 
a copper target, operated at 10 ma. and at various voltages mentioned later. 
The seeds which were irradiated were arranged with embryos toward the 
source of radiation at a distance of eight cm. from the focal spot of the tube. 
The window of the tube, which was made of aluminum foil and Cellophane, 
transmitted the K a and Kp characteristic radiation (1.54 and 1.38 A.) as 
well as that of both longer and shorter wavelength radiation of the con¬ 
tinuous spectrum of the copper target. The shorter wavelength emitted in 



Fig. 1. Apparatus for seedling germination under controlled experimental condi¬ 
tions. 

any experiment was approximately 0.5 A. In every case, the time of 
exposure was 10 seconds. 

After considerable preliminary work for the purpose of determining the 
requirements necessary to obtain sufficient data, it was decided to construct 
an apparatus which would permit 2000 seeds to be germinated simul¬ 
taneously in water culture under controlled conditions. The apparatus 
(fig. 1) consisted of a large wooden cabinet in the bottom of which was a 
tank containing tap water kept at 29° C. by thermostatic control. A uniform 
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temperature of the water was maintained by the use of a stirring motor 
equipped with paddles to circulate the water in the tank. A constant flow 
of fresh water through the tank was made possible by small entrance and 
exit tubes. 

The frame which supported the seeds during germination consisted of 
a rack suspended from above by four cables. The position of the rack below 
or above the water level was automatically controlled by means of a crank 
operated by an electric motor. Across the rack were placed 40 metal rods, 
each equipped with 50 fine nickel wire hooks. The purpose of each hook was 
to support a corn seed in its normal position by passing the hook through 
the endosperm portion of the seed at a point removed from the embryo. 

The corn used in the experiments was Stowell ’s Evergreen Sweet Corn, 
1940 crop. Badly formed and inferior kernels were discarded. The selected 
seeds were prepared for germination, the first part of which involved a 
twenty-four-hour soaking period, as follows: Fifty corn seeds were placed 
in each of forty copper wire baskets designed as seed-soaking containers. 
Twenty of these baskets of seeds were arbitrarily chosen as controls and the 
seeds in each of the remaining twenty baskets were given identical x-ray 
treatments. 

It was found by trial that fifty roots, that is the content of one rod, 
could be examined for length and wet weight in a ten-minute interval. 
Consequently, in order to have all plants of the same age when observations 
on root growth were made, the following procedure was adopted : Fifty seeds 
were irradiated, replaced in a particular basket and the basket suspended 
from the rod to which the seeds were to be attached after soaking. Ten 
minutes later a basket containing non-irradiated seeds was suspended from 
the next rod. After another ten-minute interval a basket of irradiated seeds 
was suspended from the third rod. This procedure of starting the alternate 
soaking of control and irradiated seeds every ten minutes was continued for 
each of the 40 rods. 

After a 24-hour soaking period the seeds were attached to the hooks of 
the rod which had suspended the basket. When the seeds were arranged 
on the wire hooks, a mechanism was started which automatically controlled 
the movement of the entire rack to positions below or above the water level. 
Preliminary experimentation indicated that good germination was possible 
if the germinating seeds were immersed in water for five-minute periods 
followed by two-hour intervals during which time they were suspended 
above the water. 

At the end of the germinating period of four days, the rods were removed 
from the apparatus at ten-minute intervals in the same order as originally 
arranged,, so that the age of the seedlings from the time that the seeds were 
first put to soak until they were harvested, was exactly five days. As each 
rod with its lot of seedlings was taken from the rack, the roots of the plants 
were severed as close to the seed as possible. The length of each root was 
measured and the total wet weight of the roots from the seedlings on this 
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rod was determined. The roots were then placed on paper and dried in the 
open air in the laboratory for seven days, after which time the total dry 
weight of the roots was determined. A seedling which did not produce 
root growth of at least two mm. in length was considered as not germinating. 

Results 

The results obtained show such a degree of variability that it is difficult 
to make a reliable interpretation of them without the use of statistical 
analysis. Tests of significance (7) were applied in comparing the experi¬ 
mental values obtained from the irradiated seeds with those obtained from 
the non-irradiated controls to determine whether the differences in these 
values could be ascribed, without much doubt, to a difference in the treat¬ 
ments received by the samples or whether they could be due to random 
sampling. 

A comparison of the results obtained has been made with regard to 
the following variates: 

The number of seeds germinating on each rod, Xj. 

The total root length per rod. x 2 . 

The average root length per seed germinating on each rod, x*. 

The length of the longest root on each rod, x 4 . 

The total length of the 25 longest roots on each rod, x 5 . 

The total wet weight of roots per rod, x 6 . 

The average wet weight of root per seed germinating on each rod, x r . 

The total dry weight of roots per rod, x 8 . 

The average dry weight of root per seed germinating on each rod, x<>. 

Each of the nine varieties was tested in two ways. First, the control 
seeds and irradiated seeds were regarded as separate and distinct samples 
chosen at random from the same population group. The difference between 
the mean value of a variate for the controls and for the irradiated seeds 
was tested to see if this difference was significant. Second, each rod of 
irradiated seeds was paired with an adjacent rod of control seeds. The 
differences of the variates for each pair was tested to see if its mean value 
differed significantly from zero. The first test led to a probability value pi, 
which measured the probability of choosing from the same population group 
two random samples having mean values which differed by at least as much 
as that observed. The second test led to a probability value p 2 which 
measured the probability of choosing from a population group having a 
zero mean value a random sample having a mean value which differed from 
zero by as much or more than that observed. The usual convention of 
selecting a probability level of 5 per cent, or less as being significant has 
been adopted. 

The percentage stimulation based upon the mean value of each variate 
for the control and for the irradiated seeds is given in Table I. The paren¬ 
theses enclose those values for which one or both tests for significant dif- 
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* Numbers in parentheses are those values for which one or both the tests for significance of differences indicated a real difference 
the treatments of the controls and the irradiated seeds. 
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ference indicated a real difference in the treatments of the controls and 
irradiated seeds. Except in one case, the only significant differences were 
obtained from samples irradiated at 17.5 to 20 peak kv. This one exception 
was in experiment 5 for which the voltage was zero. Since there was no dif¬ 
ference in the treatments of those seeds marked “ rayed ’ 9 and those marked 
“control,” this difference must be attributed to chance. 

Using a 15-mm. class interval for the frequency tables of the root lengths 
of seedlings, the modal class for the seedlings from the control and irradiated 
seeds are given in table II. The percentage increases in the midpoint of 
this interval for the seedlings from the irradiated seeds over that for the 
control seedlings are given in this table. The averages of the percentage 
increases at zero kv. and 20 kv. are 3.8 and 13.1, respectively. The tests of 
significance do not indicate that the averages differ significantly from zero 
or from each other. The average of the increases at 17.5 and 20 peak kv. 
is 13.5 per cent. This value does differ significantly from zero but not from 
the results obtained at zero kv. 

The percentages of stimulation at the various voltages are represented 
graphically in figures 2 to 11. 



Fig. 2. Percentage stimulation determined from the number of seeds germinating 
on each rod (x,) as a function of voltage. 
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KILOVOLTS 

Fig. 3. Percentage stimulation determined from the total root length per rod (x 2 ) 
as a function of voltage. 



Fig. 4. Percentage stimulation determined from the average root length per seed 
germinating on each rod (x«) as a function of voltage. 



KIU0MXT5 

Flo. 5. Percentage stimulation determined from the length of the longest root on 
each rod (x<) as a function of voltage. 
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Fig. 6 . Percentage stimulation determined from the total length on the 25 longest 
roots on each rod (x ) as a function of voltage. 



Fig. 7. Percentage stimulation determined from the total wet weight of roots per 
rod (x,,) as a function of voltage. 


Discussion 

No very great stimulation in primary root growth of corn seedlings from 
seeds given weak x-ray treatments as compared with that of control seed¬ 
lings was obtained. Statistical analysis of the data, however, indicates 
beyond a reasonable doubt that the treatment of these seeds by x-rays 
employing a voltage in the neighborhood of from 17.5 to 20 peak kv. did 
produce a significant increase in the average length and in the wet and 
dry weights of the roots of the seedlings. Voltages of 22.5 and 25 peak kv. 
did not produce a significant change in any of the varieties examined. 
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PlG. 8. Percentage stimulation determined from the average wet weight of root per 
seed germinating on each rod (x T ) as a function of voltage. 
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It is suggested by the data that the amount of radiation as well as the 
condition of the biological material to be treated which might induce growth 
stimulation may be very sharply defined. A slight change from the optimum 
condition for growth stimulation may fail to produce sufficient stimulation 
to detect or may even induce growth inhibition. 



Fig. 11. Most probable root length (15 mm. intervals) as a function of voltage. 

Summary 

1. An apparatus for seedling germination which fulfills requirements 
of adequate sampling necessary to obtain reliable conclusions in investiga¬ 
tions of x-ray induced growth stimulation has been described. 

2. Under the conditions of these experiments it is possible to obtain an 
apparent x-ray-induced stimulation in the primary root growth of Zea mays 
seedlings. Statistical analysis of the data obtained indicates beyond a 
reasonable doubt that stimulation of root growth was obtained by irradiating 
dry seeds at voltages in the neighborhood of 17.5 to 20 peak kv. The analysis 
shows that differences as much as those observed would occur in fewer 
than five cases in one hundred trials if the x-ray treatment made no essen¬ 
tial difference in root growth. 

University of Cincinnati 
Cincinnati, Ohio 
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EFFECTS OF DROUGHT, TEMPERATURE AND NITROGEN 
ON TURF GRASSES 1 

J. C. Carroll 
(with one figure) 

Introduction 

The factors of major importance in the distribution of grasses are mois¬ 
ture and temperature, and observations have shown that management plays 
an important part in the duration of grasses. The present investigation was 
initiated to determine: (a) the relative survival of a number of turf grasses 
under different degrees, or intensities, of moisture and temperature, and 
(b) the effect of nitrogenous fertilization on these responses. 

Newton and Martin (21) in a study of drought resistance of some crop 
plants in southern Alberta, including a number of grasses, found that bound 
water content could be used as a basis of classifying many of these plants 
in order of their drought resistance. On the other hand Whitman (30), 
working with four representative grassland types in western North Dakota, 
was unable to correlate bound water content with the ability of the species 
to withstand drought. Vassiliev (27), Vassiliev and Vassiliev (28) 
believed that sugars play an important role in the drought resistance of 
wheat. Tumanov (26) showed that repeated wilting of sunflowers resulted 
in increased hardiness to drought, and similar results with wheat plants 
were obtained by Aamodt and Johnston (2). 

Briggs and Siiantz (5) in their review of previous work, state that many 
investigations have shown the water requirement of plants to be reduced by 
the use of fertilizers, the reduction being marked on poor soils, but slight 
on fertile soils. In a search for methods to eliminate quack grass, Dexter 
(10) found that heavy fertilization with nitrogen lowered its resistance to 
drought. Dexter (9) and Carroll and Welton (7) found that high-nitro- 
gen plants failed to harden to cold as much as low-nitrogen plants. 

Maximov (16) in his investigations came to the conclusion that the true 
measure of drought resistance is the ability of the plant to survive exposure 
to drought without permanent injury. Newton (19, 20) found that he 
could distinguish cold-hardy from non-cold-hardy varieties of wheat on the 
basis of their bound water content. He also observed the higher sugar con¬ 
tent of the hardy varieties as compared with that of the non-hardy, but 
assigned no particular significance to it. On the other hand, Chandler 
(8), and later Akerman (3), Meyer (17), and Maximov (16), stressed the 
idea that soluble carbohydrates may increase frost resistance of plants by 
decreasing the precipitation of proteins. 

Among recent investigators (16, 18) it appears to be the consensus of 

1 Published with the approval of the Director of the Ohio Agricultural Experiment 
Station. 
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opinion that drought and cold resistance cannot be accurately predicted by 
any of the physico-chemical methods yet devised, and that for the most reli¬ 
able results the method of direct testing should be employed. Equipment 
used in making drought studies has been described by Shirley ( 24 ), 
Aamodt (1), and Bayles, Taylor, and Bartel ( 4 ), and use of artificial 
refrigeration in cold studies has won general acceptance. 

Materials 

The grasses included in the present investigations were: Kentucky blue- 
grass ( Poa pratensis L.), Canada bluegrass (P. compressa L.), roughstalked 
meadow grass (P. trivialis L.), wood meadow grass (P. nemoralis L.), annual 
bluegrass (P. annua L.), Astoria bent and Cocoos bent ( Agrostis tenuis L.), 
South German mixed bent (A. tennis L., A. palustns L., and A . canina L.), 
Highland velvet bent (A. canina L.), red fescue ( Festuca rubra L.), Chew- 
ings fescue (P. rubra fallax L.), sweet vernal ( Anthojranthum odoratum L.), 
perennial rye ( Lolinm perenne L.), Italian rye ( L . multifiorum L.), crested 
dogstail ( Cynosurus cristatus L.), redtop (Agrostis alba L.), and large crab- 
grass ( Syntlierisma sanguinale (L.) Dulac). Although desirable, the seed 
of the species used was not genetically pure; and it is recognized that tests 
similar to those reported in this paper should be made of the many strains 
within each species. The plots 4 by 50 feet were first seeded April 26, 1938, 
and reseeded September 6, 1939. The soil was a Wooster silt loam and in a 
high state of productivity. The results of the soil drought and high tem¬ 
perature tests reported here were obtained from the later seeding, while 
those of the low temperature and physico-chemical tests were made on the 
grass of both seedings. Owing to weather conditions at Wooster during the 
summer and early fall of 1940 neither soil nor air temperatures were ex¬ 
treme. Thus the turf samples subjected to soil drought and high tempera¬ 
tures were not hardened naturally at the time of sampling. The samples 
exposed to soil drought may have hardened while drying. 

The plats were maintained under lawn conditions and were divided into 
two equal sections a$ follows: (1) Low nitrogen— no treatment: and (2) 
High nitrogen—ammonium sulphate applied at rate of 5 lb. per 1000 sq. ft. 
in April, July, and September. 

General methods 

A golf-green cup-hole cutter was used to cut samples of sod from the 
plats. By means of this tool “plugs’’ of sod 4J inches in diameter and 
approximately 3 inches in thickness were lifted from each plat and placed 
in glazed earthenware jars of the same dimensions. Before the samples 
were transferred to the jars, the plugs were “sized” with a knife so that 
the surface of the soil was approximately one-fourth inch below the edge of 
the jar. As a result of this procedure an approximate uniformity of soil 
mass among the samples was obtained, and they could be watered easily at 
any time. The grasses were clipped either with a lawn mower just previous 
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to sampling, or with shears afterward. The plugs of sod were subsequently 
exposed to different degrees of drought and temperature under experimental 
conditions. The dry weight of each plug was estimated by sampling the 
adjacent soil for moisture determinations. These estimates proved to be 
reliable when tested by the dry weights of the plugs at the conclusion of 
several of the treatments. Occasional tests of moisture in the plants were 
also made during the period of the investigation. 

In the preliminary tests, the percentage of survival was obtained by 
counting the number of living and dead plants at the end of 3 weeks after 
each test was completed. Each stem was considered as a separate plant. 
It was perceived that such a method of evaluating results would be too time- 
consuming when a full complement of samples was taken. Therefore, in 
order to shorten the time required to evaluate results, the percentage of 
survival on a limited number of samples was estimated first by the writer 
and then one other person. These estimations were followed by actual 
counts. The difference between the percentages of survival obtained by 
count and by estimation was not significant, and the latter method was used 
in the evaluation of results reported in this paper. 

Soil drought 

The relative survival of the different grasses when exposed to soil drought 
was tested by permitting the soil to dry slowly and exposing the samples 
to an air temperature of 35° C. for 4 hours daily until the moisture of the 
soil had reached 5 per cent, in one series and 3 per cent, in a second series, 
on a dry-weight basis. These values are below the waiting coefficient of 
Wooster silt loam, which has been found to be about 7.7 per cent. The time 
of drying varied from 7 to 8 days for the 5 per cent, series and was approxi¬ 
mately 2 days longer for the 3 per cent, series. The moisture content of 
the soil was ascertained by weighing daily until the end point was nearly 
reached, then weighing more frequently. To insure uniform drying below 
the wilting point the plugs were raised and supported to allow circulation 
of air on all sides. 

These conditions of soil moisture and air temperatures were chosen be¬ 
cause they are similar to those occasionally encountered in the field in this 
section of the United States. During periods of drought at Wooster in the 
summers of 1931 and 1936, the moisture in the first 4 inches of soil beneath 
Kentucky bluegrass sod became as low as 3.2 per cent. 

In late summer, drying took place in the greenhouse, where the air tem¬ 
perature was maintained at approximately 35° C. for 4 hours. In the fall, 
when the greenhouse temperatures were generally below 25° C., the samples 
were placed in a Freas draft oven at 35° C. for 4 hours late in the day. By 
this procedure the later samples were not exposed to a materially shorter 
day than were the samples tested earlier in the season. There was no essen¬ 
tial difference between results obtained by greenhouse and oven heating of 
samples. Laude (12) has shown that in plants previously exposed to light, 
the heat resistance is lost very gradually. 
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After the percentage of water in the soil of the two series has been re¬ 
duced to 5 per cent, and 3 per cent., respectively, sufficient water was added 
to bring the moisture content to approximately 70 per cent, of the water¬ 
holding capacity of the soil, and at the end of 3 weeks, an estimation was 
made of the percentage of recovery. This percentage of .recovery is consid¬ 
ered an index of the relative drought resistance of the different species of 
grasses studied (table I). 

The results of the tests on soil drought at the two percentages of mois¬ 
ture content show that at 5 per cent, there was little or no injury among 
the grasses from the low-nitrogen section with the exception of Cynosurus 
cristatus (table I). The majority of the species from the high-nitrogen 

TABLE I 

Survival of certain turf grasses as affected by the nitrogen \xi> water 

CONTENT OF THE SOIL 



1 ' 

Percentage of surmv \l* 



5 PER CENT. SOIL 

3 PER CENT. SOIL 

Gr vss 

MOISTURE 

MOISTURE 


Low-N 

High-N 

Low-N 

High-X 


SECTION 

SECTION 

SECTION 

SECTION 


% 

% 

% 

% 

Poa pratensis 

10(1 

70 

80 

, 50 

Festuca rubra fallax 

100 

90 

75 i 

i 35 

Agrostis tenuis (Cocoos) 

100 

40 

75 

40 

A. tenuis (Astoria) 

95 

70 

70 | 

45 

A. canina (Highland) 

100 

50 

70 j 

40 

Festuca rubra 

90 

80 

65 ; 

45 

So. German mixed bent 

80 

80 

60 1 

40 

Syntherisma sangumale 

80 


(!0 i 


Agrostis alba 

90 

90 

55 ' 

50 

Poa compressa 

80 

55 

50 

35 

P. annua 

85 

70 

50 

35 

Lohum perenne 

i 


50 


Anthoxanthum odoratum 

90 

80 

45 

30 

Poa triviahs 

80 

80 

| 40 

35 

P. nemorahs 

80 

60 

35 i 

15 

Cynosurus cristatus 

60 

30 

20 

L _ _ 

20 


* Average of estimations in 6 tests. 


section, however, were definitely injured. At 3 per cent, moisture, marked 
differences among the species from both the low- and high-nitrogen sections 
were obtained (table I). Since approximately 2 days more were needed 
to reduce the soil moisture to 3 per cent, than to 5 per cent., it is highly 
probably that the time factor may be of more significance than the decrease* 
of soil moisture from 5 to 3 per cent., for both these percentages are below 
the wilting coefficient of Wooster silt loam. 

The effect of soil drought was tested six different times, and the results 
were, in general, very consistent. Among all the species tested, P. pratensis 
was consistently the most resistant, and (7. cristatus was the least resistant 
to soil drought. As might be expected, there was considerable variation 
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among the species of each genus. In the Poa genus, P. pratensis far out¬ 
ranked others of the group included in this test on soil drought. On the 
basis of past observations on our own turf plats, as well as from reports in 
the literature, P. trivialis, P. nemoralis, and P. annua were not expected to 
withstand a high degree of soil drought, and this expectation was amply ful¬ 
filled in the present tests. P. compressa has been reported as being more 
drought resistant than P. pratensis (22) but in the tests made during this 
study, it was a very poor second, ranking only slightly above P. trivialis, 
which is notoriously non-hardy under drought conditions. 

Different reasons have been assigned in the literature as to why either 
P. pratensis or P. compressa dominates any given locality to the virtual ex¬ 
clusion of the other, but there seems to be little agreement as to causes. 
Brown (6) in testing four pasture grasses, including P. pratensis and P. 
compressa, under controlled temperature conditions, found that when both 
air and soil temperatures were maintained at 100° F. for approximately 2 
months, P. compressa was injured much more than P. pratensis . He con¬ 
cluded that the destructive effects resulted more from a high soil tempera¬ 
ture than from a high air temperature. 

During the periods in which the writer’s samples were exposed to an 
air temperature of 35° C., the soil temperature eventually equaled the air 
temperature. The highest soil temperature attained in this test was lower 
than that in the test by Brown (6), and maintained for a considerably 
shorter period, but the relative amount of injury in the two grasses was 
similar. In the present experiments, therefore, it appeared that the effect 
was due chiefly to soil drought, and not to high soil temperature. 

The species of the genera Agrostis and Festuca which were tested did not 
differ materially among themselves, and, as can be seen from table I, there 
was little difference between these two groups and P. pratensis , with the 
exception of South German mixed bent and A. alba, which were injured 
much more than the other grasses in the bent group. 

The relatively high survival of the fescues was expected, for experience 
and observation had shown them to be fairly resistant to drought. On the 
lawn plats at Wooster, one plat of Chewing’s fescue, located on the south 
side of a maple tree, has maintained a good stand since being seeded in 
1928, with no attention other than being mowed at regular intervals. In 
that span of years, there have occurred several periods of extreme drought, 
but the stand of Chewing’s fescue has not been seriously affected. Tljis 
species is a valuable ground cover in locations where low moisture conditions 
exist, as on terraces. In contrast, P. trivialis , located on an adjacent plat, 
has had to be reseeded annually, since it has died out each season within the 
space of a few weeks after the inception of hot, dry weather. In a study of 
the water-supplying power of soil under different grasses, Welton and 
Wilson ( 29 ) found that fescues apparently absorb less of the available soil 
moisture than do bluegrass and bents, and Wilson and Livingston (31) in 
a study of the wilting of grasses as related to the water-supplying power of 
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the soil found the fescues to be more drought-resistant than the other species 
tested. 

Of the other grasses included in this study, A. alba and L . perenne are 
the most important from the standpoint of their value in pastures and in 
production of turf. The fact that they rank low in survival when exposed 
to soil drought may partially account for their gradual elimination by other 
grasses generally included in turf mixtures. 

The effect of liberal applications of nitrogen on the survival of the dif¬ 
ferent grasses on dry soil is shown in table I. In all cases, the recovery of 
the grasses from the high-nitrogen section was less than that from the low- 
nitrogen section, and in most cases the difference was marked (fig. 1). In 
a few cases only, was there a significant difference in the percentage of sur¬ 
vival among the grasses from the high-nitrogen section. 

Effect of hardening on resistance to soil drought 

To determine the effect of repeated wilting on the drought hardiness of 
grasses, duplicate samples of five species representing four genera were 
taken on one of the dates when all the species were sampled for the usual 
tests. The same procedure was followed as in the regular tests, with the 
exception that when the soil was dried to approximately 5 per cent, mois¬ 
ture, sufficient water was added to bring it back to the original moisture 
condition, after which it was left to dry to 3 per cent. 

The results (table II) show that with P. pratensis and F. rubra fallax, 
there was no increase in drought hardiness, but that in P. comprcssa and C. 
cristatus, an increase in hardiness was obtained by one previous drying. P. 
pratensis and F. rubra fallax probably harden more quickly than the other 
grasses tested. 

High soil and air temperatures 

It has been found by numerous workers that large fluctuations in soil 
temperature are confined chiefly to the upper layers, also that on bare soil 
in summer, the temperature of the upper soil layer is generally greater than 

FlO. 1. Effect of soil drought on low- and high nitrogen grasses at 3 pei cent, soil 
moisture content. 


Jar no. 

Grass 

Treatment 

1 

P. prateims 

Ijow N 

2 


High N 

3 

P. compressa 

Low N 

36 


High N 

9 

P .annua 

Low N 

10 


High N 

11 

A. tenuis (Astoria) 

l x>w N 

12 

High N 

17 

A. camna (Highland) 

IjOW N 

60 

High N 

23 

Anihoxanthum odoratum 

Low N 

24 


High N 

27 

A. alba 

Ijow N 

28 


High N 
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TABLE II 


Comparative effects of repeated drying versus single drying on soil drought 

ENDURANCE OF CERTAIN TURF GRASSES 



Percentage of survival after drying to 

Grass 

3 PER CENT. 


Single drying 

Repeated drying* 


% 

% 

P. prat crisis 

80 

80 

P . compressa 

50 

80 

A. tennis (Astoria) 

70 

50 

F. rubra fallax 

75 

75 

C . cristatus 

20 

60 


* Soil dried to approximately 5 per cent, moisture, watered, and then dried to 3 per 

cent. 


that of the air. Smith (25) reported temperatures of 146° P. and 107° P , 
respectively, at |-inch and 3-inch depths in bare soil with an air temperature 
of 105° F. Reports in the literature on soil temperature beneath sod are 
very fragmentary. Fitton and Brooks (11), in a survey of soil tempera¬ 
ture studies, list only a few readings taken beneath sod. The maximum 
temperature during August under a bluegrass sod at a 2-inch depth was 
73.2° F.; the air temperature was not given. In an orchard sod at a depth 
of 3 inches, the temperature was 76.4° P. with an air temperature of 70.2° 
P.; the kind of grass was not named. 

Records of air temperature at different heights above the soil surface are 
more numerous and more complete than those of soil temperature. These 
include measurements taken above different types of cover. Temperatures 
of 105° F. to 115° F. have frequently been reported in the central section 
of the United States. Robb (23) at the Topeka, Kansas, Weather Bureau 
has reported air temperatures as high as 116° F. at a height of 5 feet above 
sod. 

Owing to weather conditions at Wooster during the summer season of 
1940, neither soil nor air temperatures were extreme. The summer season 
was above average in rainfall and below average in temperature, with only 
about 2 weeks of hot, dry weather which occurred during the latter half 
of July. Soil temperatures at a depth of 2 inches on the turf plats rose 
during that period to a maximum of 86° F. at 2:00 p.m., July 22, with an air 
temperature of 91° F. 

The temperature of the soil beneath the grasses on the high-nitrogen sec¬ 
tion was invariably lower than that on the low-nitrogen section, due, no 
doubt, to the higher moisture content of the soil in the high-nitrogen section. 

High soil temperature 

To determine the effect on turf grasses of high soil temperature accom¬ 
panied by high soil moisture, 60 jars of sod representing 4 replications of 
each grass were placed on a tray in a steel tank containing water heated by 
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means of a steam coil. The soil temperature was measured by a thermometer 
inserted to a depth of inches in the center of each plug: of sod. The water 
was circulated while being heated in order to maintain an even temperature 
throughout the tank. Within about 2 hours, the temperature of the soil 
became the same as that of the surrounding water. In one test, the soil tem¬ 
perature was held at 50° C. for 4 hours; in the other test, the jars were 
removed as soon as the maximum temperature was attained. The results 
of subjecting the grasses to a high soil temperature are recorded in table III. 

Soil temperatures frequently influence plant survival more than air tem¬ 
peratures. Since the high soil temperature in these experiments was not 
accompanied by a high air temperature, the initial injury in this case was 
limited to the underground portions of the plant. As the moisture content 
of the soil was comparatively high, the injury could not have been due to 
desiccation. The experiment was not continued long enough to bring about 
a condition of starvation through increased respiration. It appears, there¬ 
fore, that the injury was due to thermal effects upon the protoplasm. From 
data available in the literature, it appears that most lion-dormant plant cells 
are heat-killed by temperatures of 50° C. to 60° C., sometimes even lower. 
The lethal temperature is lower with a slow rise in temperature than with a 
comparatively more rapid rise (13). 

Merely bringing the soil temperature to 50° C. was not lethal to the 
grasses growing in the low-nitrogen section, but most of these same species in 
the high-nitrogen section were injured by this treatment (table III). Where 
the grasses were held at 50° (\ for 4 hours, the injury was much greater 

TABLE III 

Sl KVI\ VL OK < hKTVIN Tl RF (JR VSSES AS \FFECTED RY THF NITROGEN CONTENT AND 
HIGH Tl AIPKRATUREK OF THE SOIL 


PF.R( I \T\G* OK sl R\ IV VL 


1 

(iRVSS 

50° (\* j 

00° (V 

1 4 HR. VT 50° O. 


Low N 

High X 

Low N 

Hioh-N 

Low N 

High X 


SE( TION 

SECTION 

SECTION 

SECTION 

SECTION 

SECTION 

I 

| 

% 

% 1 

% 

% 

% 

% 

Synth* nsma sanpuinal* 

1 




85 


A. cannia (Highland) 

100 

i 100 ! 

1 20 

2 

70 

15 

F. rubra falias 

100 

i 90 

70 

0 

65 

10 

V trivialt* 

100 

90 

5 

5 

60 

20 * 

P. annua 

100 

70 

1 20 

0 

60 

55 

F. rubra 

100 

90 

25 

0 

< 45 

7 

P. camprrsm 

100 

100 

70 

50 

1 40 

20 

A. trnuis (Cocoos) 

1 100 

70 

1 

, 0 

1 40 

7 

A. alba 

1 too 

80 

0 

I 0 

1 40 

5 

P. pratennui 

100 

100 

2 1 

2 

25 

40 

A n thosanthum odorat u m 

100 

60 

10 

1 0 

1 20 

1 

P. nemoralis 

100 

65 

2 

0 

1 15 

1 

8o. German bent 

100 

70 

1 

1 

' 15 

5 

Cynosurus enutatun 

100 

100 

0 I 

0 

15 

5 

A. tenuis (Astoria) 

100 

50 

o ! 

2 

3 ! 

1 

o 


# Jars removed as soon as maximum soil temperature was attained. 
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(table III). Thus, the lethal temperature varies with the time of exposure. 
In all three experiments, the time necessary to bring the soil temperature 
to the maximum was approximately 2 hours. From the data in table III, 
it is evident that the underground portions of a number of these grasses 
cannot long endure soil temperatures between 50° and 60° C. The greater 
injury occurred in the grasses from the high-nitrogen section. 

Results indicate that P. compressa is better able to withstand high soil 
temperatures than P. pratensis . This result is in contrast to the results 
obtained by Brown ( 6 ), who in a study of the effect of combined high soil 
and air temperatures on the growth of the two grasses, found that P. com- 
pressa was injured more than P. pratensis. He concluded that the effect 
was due to high soil temperature rather than to high air temperature. In 
his tests, however, the grasses were kept at a soil and air temperature of 
100° F. for approximately 8 weeks, and a starvation effect due to a high rate 
of respiration was probably obtained. In the test reported here, the tem¬ 
perature of 50° C. (122° F.) for 4 hours probably produced a more direct 
killing effect. Owing to its habit of growth, P. compressa shades the soil 
less than P. pratensis , and one would expect higher daily soil temperatures 
on some of the sites where P. compressa dominates. Its relatively more 
frequent dominance on shallow soils above rocks adjacent to deeper soil 
areas dominated by P. pratensis is probably related to its endurance of 
short periods of high soil temperatures and low fertility rather than of 
drought. 

A. canina (variety Highland), which was found to be fairly resistant to 
soil drought, was the most resistant to high soil temperature (50° (\ for 4 
hours) of any of the grasses tested, and F. rubra fallax ranked second. The 
other bent grasses were much less resistant to high soil temperatures than 
was Highland; but tests later in the fall showed that they survived low tem¬ 
peratures much better than Highland. It appears, therefore, that the 
changes in the inner conditions of plants which enable them to endure 
extremes in temperature are not necessarily the same for both heat and cold. 
This difference is further borne out in a limited way by the results of mea¬ 
surements of bound water which show no significant difference between 
grasses representing extremes in drought, heat, and cold endurance (table 
VII). These data further substantiate the argument of those who have 
declared the inadequacy, at the present time, of physico-chemical analyses 
as reliable indices of the relative resistance of plants to extreme conditions 
of temperature and moisture. 

High air temperatures 

The effect of short exposures to high air temperatures on turf grasses 
was investigated by placing the grasses for different intervals of time in a 
Freas draft oven. The temperatures used were 40°, 50°, and 60° C., and 
the time, 4 and 6 hours at each temperature. The exposure to heat was made 
in the evening, as in the experiments on soil drought. In this test, however, 
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the moisture content of the soil remained relatively high, but the relative 
humidity of the air passing over the samples was appreciably lower (ap¬ 
proximately 15 per cent, at 50° C.) than obtained in the test on soil drought. 
Four replicates of each grass were tested. 

In this experiment, as in the test on high soil temperatures, the results 
were doubtless due to thermal effects. However, in exposing the grasses 
to air temperatures similar to those used in the high soil temperature tests, 
much less injury was obtained. The reason for this cannot be stated defi¬ 
nitely. With some grasses, the extent and type of root development may 
be the explanation; with others, the presence of rhizomes enabling the plant 
to send up new shoots when the original aerial portions have been destroyed 
may be of greater importance. Again, as has been suggested by Maximov 


TABLE IV 

NURVIV \L OF CERTAIN TURF GRASSES WHEN EXPOSED TO AN AIR TEMPERATURE OF 

50° C. FOR 6 HOURS 



! Percentage of survival 

(iR VS.N 



Low X SECTION 1 

1 

High-X sec 



7c ~ 

% 

P. prole urns 

80 j 

j 40 

A. tnuns (C0C008) 

70 ! 

20 

A. canina (Highland) 

70 

55 

A. tenuis (Astoria) 

65 1 

15 

P. tnnalis 

60 

35 

P. annua 

60 1 

40 

Agrostis alba 

60 

20 

P. eompnssa 

50 , 

2 

So. (forman mixed bent 

Syntherisma sangmnale 

50 

45 

25 

. 1 n thajranth u m odorat nm 

40 

o 

F. rubra fallax 

20 ; 

5 

F. rubra 

20 ; 

7 

P. nemoralis 

io 

5 

Cynosurus rristatus 

7 1 

2 

Filial soil temperature J 

40.1 

°(\ 


(16), the ability of the stomatal mechanism to withstand high temperatures 
may play an important part in the heat resistance of a plant. 

The effects on the grasses of heating at 40° C. for 4 and 6 hours were 
negligible; there was only a slight injury to the tips of some leaves on both 
low- and high-nitrogen sections. In the test at 50° C. for 4 hours, there 
was very little injury to any of the grasses on the low-nitrogen section, but 
there was much greater injury to the grasses on the high-nitrogen section. 
Of all the exposures, the greatest difference among the grasses was obtained 
at 50° C. for 6 hours (table IV). The species of Poa and Agrostis used in 
this investigation, with the exception of P. nemoralis and South German 
mixed bent, withstood high air temperatures better than the species of the 
other genera tested. With few exceptions, those grasses having the greater 
resistance to soil drought also endured high air temperature better than 
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those with a lower resistance to soil drought. The exceptions particularly 
noted were the fescues, which were much less resistant to high air tempera¬ 
ture than to soil drought. These results are at variance with those observed 
under outdoor conditions, but it is extremely unlikely that the low relative 
humidity prevailing in this test and the limited amount of soil would be 
duplicated under natural conditions. 

Low TEMPERATURE 

The extent of injury to a plant due to cold depends upon the type of 
plant and upon the nature of its preconditioning. Most perennial plants 

TABLE V 

Percentage of survival of turf grasses following a single cooling to 

DIFFERENT SOIL TEMPERATURES 



Percentage of survival with 

A FINAL 

SOIL TEMPERATURE OF 

Grass 

- 5° (\ 

-10° 0. 1 

- 15° C. 

- 20° C. 


Low-N 

High N 

I Low N 

High-N 

Low N 

High-N 

Low-N 

ITigii-N 

P. pratenmx 

100 

90 

80 

60 

25 

5 

20 

5 

P. comprcssa 

90 

80 

30 

30 

5 

2 



P. trivialis 

90 

50 

45 

25 

0 

0 

0 

0 

P. nemoralis 

80 

30 

70 

5 

0 

1 



P.annua 

80 

50 

40 

10 1 

1 3 

1 

1 5 

0 

A. tenuis 









(Astoria) 

A. tenuis 

90 

80 

60 

50 

0 

0 

0 

1 0 

(Cocoos) 

Ho. German 

90 

75 

80 

45 

1 

0 

0 

0 

mixed bent 

A. canina 

90 

75 

70 

50 

0 

1 

0 

0 

0 

(Highland ) 

100 

20 

5 

5 

; o 

0 



A. alba 

90 

90 

60 

40 

i o 

0 

0 

1 0 

F. rubra fall ax 

90 

65 

75 

30 

1 0 

0 

0 

0 

F . rubra 

80 

65 

60 

25 

0 

0 

0 

1 0 

Anthoxanthum 
odoratum 
Cynosurus cris- 

50 

30 

20 

10 

0 

0 

1 0 

0 

tatus 

40 

20 

0 

0 

0 

0 

0 

I 0 

L. perenne 

70 

20 

0 

0 

0 

0 

1 0 

1 0 

L. multiflorum 

40 

10 

10 

0 

0 

1 

0 

( 0 

L 


growing in the temperate region can, to some extent, be hardened to cold 
and are thus enabled to withstand lower temperatures than when not hard¬ 
ened. In the present study, a comparison of the endurance of different 
grasses to cold was made on samples from both the unfertilized and the 
fertilized sections of the plats. The grasses were permitted to harden natu¬ 
rally. Previous work (7) had shown that air temperatures near the freez¬ 
ing point were necessary to harden turf grasses. That nitrogen treatments 
may affect the degree of hardening of turf grasses to cold was shown by 
Carroll and Welton (7). 

The technique employed to test the survival of species of turf grasses 
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exposed to low temperature by artificial refrigeration was essentially the 
same as that described previously (7). Samples from the low- and high- 
nitrogen sections of each grass were placed in the freezing chamber at 
-25° C., and as soil temperatures of -5°, -10°, -15°, and -20° C., were 
reached, duplicate samples of each grass for each treatment were removed. 
The samples were then placed in the greenhouse and after 3 weeks, an 
estimation was made of the percentage of survival. 

The results obtained by exposing the grasses to cold until definite soil 
temperatures were attained are shown in table V and represent 6 replica¬ 
tions. Only three grasses from the low-nitrogen section were appreciably 
injured at a soil temperature of -5° C., but injury of the high-nitrogen 
grasses was more general. This difference between grasses from the low- 
and high-nitrogen sections held throughout the temperature range of the 
test, except where the injury of a particular species was complete in both 
sections. P. pratensis was found to be the most resistant to low tempera¬ 
tures of any of the grasses tested. However, within the range of low soil 
temperatures generally encountered in the field at Wooster, F. rubra fallax 
and some of the Agrostis species survived nearly as well as P. pratensis. 

Soil temperatures beneath sod at Wooster during the winter of 194Q-1941 
were not low enough to injure any of these turf grasses except the least cold- 
resistant ones on the high-nitrogen sections. At a depth of 1J inches, the 
soil temperature was not lower than - 2° C., as the ground was covered by a 
thin covering of snow during the coldest periods. Mail (14), in studying 
the effect of soil temperatures on insect survival, found that under a light 
covering of snow (} inch to 2 inches), the soil temperature remained within 
1° or 2° of the freezing point, whereas on sod-covered ground, without snow 
cover, a soil temperature of -10° (\ was recorded at a depth of 2 inches, 
when the air temperature was -13° C. 

Since the degree of hardening of turf grasses to cold was decreased on 
the sections to which high amounts of nitrogen had been applied, it would 
appear inadvisable to supply grass with any considerable amount of this 
fertilizer constituent late in the fall. The time of application should, of 
course, be determined by the prevailing weather conditions, so that a luxuri¬ 
ant growth late in the season would be avoided. Brown ( 6 ) found that 
Kentucky and Canada bluegrass and orchard grass made considerable 
growth at 40° F. In a study of the comparative effect of different carriers 
of nitrogen on growth of Kentucky bluegrass, Welton and Carroll (unpub¬ 
lished data) found little diminution of the weekly absorption of nitrates in 
late fall when the daily maximum and minimum air temperatures were, 
respectively, slightly above and below 40° F. 

Effect of soil drying on hardening to cold 

Statements have appeared in the literature (26) to the effect that decreas¬ 
ing the moisture supply of plants facilitates their hardening to cold. To 
test whether this statement might be true of turf grasses, two lots of five 
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species were hardened to cold; one lot with an optimum soil moisture, and 
the other with a soil moisture slightly above the wilting percentage. After 
hardening by daily exposure to a temperature of approximately 0° C. for 1 
week, the grasses were placed in a freezing chamber and removed as soon 
as the soil temperature had been lowered to -10° C. The time necessary to 
cool the soil to this minimum temperature varied from approximately 3| 
hours for the samples with high moisture content to 1£ hours for those with 
the low moisture content. The results (table VI) show that drying of the 


TABLE VI 

Comparative effects of hardening by cold only versus hardening by cold plus soil 

DRYING ON THE COLD-ENDURANCE OF CERTAIN TURF GRASSES 



Percentage of 

SURVIVAL .'FTER FREEZING TO -10° C. # 

Grass 


Hardened 

BY COLD 

Hardened by cold 


Fnhardened 

PLUS SOIL DRYING 

(single drying) 


% 

% 

% 

P. pratensu . 

0 

80 

75 

P. compressa . 

0 

30 

45 

A. tenuis (Astoria) . 

0 

60 

15 

F. rubra fallax . 

0 

73 

25 

C. cristatus . 

0 

0 

10 


* - 10° C. soil temperature. 


soil resulted in no significant gain in cold hardiness by three of the grasses 
and was detrimental to the remaining two. On the latter, the greater cold 
injury may have been due to the more rapid lowering of the soil temperature, 
and not to the extremity of the minimum temperature itself. 

Physico-chemical tests 

Numerous attempts have been made to discover physico-chemical mea¬ 
surements by which it would be possible to predict the cold or drought resis¬ 
tance of plants. Measurements of bound water and sugars have perhaps 
received the greatest attention. The evidence obtained has been conflicting. 

Clippings from a number of the most and the least cold- and drought- 
hardy species of turf grasses were taken at several different dates and ana¬ 
lyzed for moisture, bound water, total nitrogen, and total sugars (table VII). 
From previous tests (7) it was known that with the approach of cold 
weather, there was an elaboration of hydrophilic colloids in P. pratensis and 
an increase in the total sugar content, accompanied by increased hardiness 
to fcold, but at that time no comparison was made among different species. 

In tests made in August and October, there was a lack of correlation 
between the bound water content of the different species and their demon¬ 
strated survival, or lack of survival, when exposed to drought. This dis¬ 
parity is particularly noticeable when F. rubra fallax is contrasted with C. 
cristatus > P. trivialis and P.. nemoralis. Within the same species, the high- 
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nitrogen grass generally contained less bound water than the low-nitrogen 
grass and was always less resistant to drought. It should be noted that 
weather conditions previous to these tests were not conducive to hardening 
to drought. In tests conducted on P. pratensis in 1930 and 1931, however, 
when weather conditions favorable to hardening to drought prevailed, 
Carroll and Welton (7) found a lack of correlation between bound water 
content and drought hardiness in low- and high-nitrogen grass. 

In November and December tests, which were made after the grasses 
had hardened to cold, there was a greater increase of bound water content 
in the low-nitrogen grasses than in the high-nitrogen grasses, and the low- 
nitrogen grasses possessed greater hardiness to cold. The differences in 
bound water content among a number of the grasses from the low-nitrogen 
section were negligible, but there were wide differences among them with 
respect to cold hardiness. Here, again, it must be said that on the basis 
of these tests, bound water cannot be accepted as a reliable index to the cold 
resistance of grasses. 

Summary 

A comparison was made, of the survival of 15 species, representing 6 
genera, of turf grasses exposed to soil drought and to extremes in soil and 
air temperatures. The effect of nitrogenous fertilizers in conjunction with 
these conditions was also investigated. 

The term, soil drought, as used in this report, refers to conditions in the 
soil as it slowly dried to a moisture content of 5 per cent, or of 3 per cent., 
which is from 2.7 per cent, to 4.7 per cent, below the moisture content found 
to be the wilting coefficient of the Wooster silt loam on which the grasses 
were grown. Of the species tested, P. tnvialis, P. nemoralis , and C. cristatus 
were most injured by soil drought. Those least injured were P. pratensis , 
F. rubra falias, F. rubra , A. ienuis (Astoria and Cocook species), and A. 
canina (Highland). The species from the high-nitrogen section were less 
able to withstand soil drought than the same species from the low-nitrogen 
section. 

The species were exposed to an air temperature of -25° C. until soil 
temperatures of -5°, -10°, -15°, and -20° C. were reached. The species 
most injured by low soil temperatures were L. perenne , L. multiflorum , C. 
cristatus , A. odorattim, and A, canina (Highland). Those least injured 
were P. pratensis , P. nemoralis , A. tenuis (Cocoos), South German mixed 
bent, and F. rubra fallax . The lethal soil temperature for the majority of 
the species appeared to be between -10° and - 15° C. The species from the 
high-nitrogen section were much less resistant to cold than those from the 
low-nitrogen section. Low soil temperature was more injurious than low 
air temperature. 

Exposure to soil and air temperatures of 40°, 50°, and 60° C. showed 
that high sail temperatures were more destructive than similar air tempera¬ 
tures. The injury caused by high temperature of both soil and air appeared 
to be a direct thermal effect upon the protoplasm. The lethal temperature 
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varied with the time of exposure and for most species appeared to be between 
50° and 60° C. Species from the high-nitrogen section suffered greater in¬ 
jury than those from the low-nitrogen section. 

The data from tests made of bound water and sugars showed that the 
accumulation of these two constituents was decreased by the application of 
a nitrogenous fertilizer. These data were found to be unreliable as criteria 
of the relative hardiness of turf species to heat, cold, or drought. 

The writer wishes to thank I)r. II. C. Sampson of the Botany Department 
of The Ohio State University and I)r. F. A. Welton and Dr. J. D. Sayre of 
the Agronomy Department of The Ohio Agricultural Experiment Station 
for their interest and advice during the course of this investigation. 

The Ohio Acirut ltcral Experiment Station 
Wooster, Ohio 
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EFFECTS OF CERTAIN GROWTH REGULATING SUBSTANCES 
ON GROWTH CORRELATION IN LETTUCE SEEDLINGS 

B I r II A R I> 1$ . 8 T K P II B X S O X 

(with nine figures) 

The cultivation of excised plant parts in tissue culture has been used as 
one of the means of studying the effects of growth substances on the devel¬ 
opment of certain tissues. Wide use of this technique has been made in 
studying the growth requirements of excised roots (6, 7, 8, 10, 12, 13). 
Other embryonic tissues (5, 9, 11) and callous tissue (14) also have been 
cultured in this way. Pull utilization of this technique, however, has not 
been made for the study of the effects exerted by the different organs of the 
plant on one another, as well as for the influences exerted by the different 
growth regulating substances upon the organ. 

The present experiments were planned with the belief that something 
could be learned about the effects of growth regulating substances on the 
development of excised parts, and also about certain correlations within the 
plant by asepticallv culturing various parts of the plant separately and in 
association with one another. Consequently, in many of the experiments 
four series of cultures were made: (1) whole plants, (2) excised roots, (3) 
excised shoots, and (4) excised roots together with excised shoots in the same 
flask. 

Since the especial purpose of the investigation was to observe the effect 
of growth regulating substances on the early development of the plant, and 
to locate as nearly as possible the organs affected by these substances, no 
attempt was made to find an optimum basic medium for any one organ or 
for the plant as a whole. The medium used was considered satisfactory, 
since better growth resulted for the whole plant in the basic medium over 
the two week period the cultures were grown than in soil or sand culture. 

Materials and methods 

Seeds of the (Jrand Rapids variety of tip burn resistant lettuce were first 
soaked for two hours in a saturated solution of Semesan and were then passed 
through a 5 per cent, solution of bromine water and transferred to sterile, 
water-soaked paper in sterile Petri dishes. All operations were carried out 
in a transfer chamber previously washed with a 4 per cent, solution of for¬ 
malin. The seeds were allowed to germinate for forty-eight hours before 
transfers were made to the culture solution. The roots were then ten to 
twenty mm. long, and the shoot, including the cotyledons, about the same 
length. For the series of excised roots, the terminal ten mm. were severed 
from the plant with a Bard-Parker scalpel and transferred to the culture 
solution on the tip of the scalpel. With a little practice this maneuver could 
be carried out successfully and the possibility of injury with forceps avoided. 
The scalpel was flamed with 95 per cent, alcohol before each operation, and 

K7 
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the necks of the culture flasks also were flamed. Contamination was infre¬ 
quent. Shoots excised about 2 mm. below the cotyledonary node, as well as 
whole plants, were similarly transferred at this stage of development. A 
standard "White’s formula of salts (12) with 2 per cent, sucrose was used 
in making up the solution to which the growth substances were added. 
Water twice distilled in Pyrex was used in making up ail solutions, as well 
as for the final washing of the flasks. Fifty ml. of solution were added to 
each 125-ml. Pyrex culture flask. 

All four series (excised roots separately, excised shoots separately, ex¬ 
cised roots and shoots in the same flask, and intact plants) were cultured in 
each of the following concentrations of any particular growtlf^hbstance: 
1.0, 0.1, and 0.01 mg. per liter of the culture solution. Tntaet plants and 
excised roots were cultured also in a concentration of 10 mg. per liter, which 
in most cases caused great inhibition. Ten cultures were made of each series 
in each concentration. Measurements of the pH were made of each flask 
as a matter of routine after the tissues were removed. The data presented 
in table I show that the more actively growing tissues had induced a more 
alkaline reaction. 

TABLE I 

TlIE INFLT’ENCE OF TIIK RATE OF GROWTH UPON THE HI OF TIIE Nl TRIE NT feOM TION, 
WHEN PLANTS WERE GtfOWX IN THE SOLUTION ( ONT UNI NO 


0.1 MILLIGRAM OF Till VMIN PER 

LITER 

Root growth j 

pH 

cm. 1 


16.4 

8.82 

21.8 

8.68 

22.1 

8.87 

2Z.9 

8.90 

26.1 

8.99 

26.9 

6.00 

80.8 | 

6.20 


Two criteria of growth were used in all cases: the length of root attained, 
and the dry weight of both the yoots and the shoot. The comparison of the 
length and the weight serves as an index for the type of root growth (*>.. 
long thin, short thick, etc.) taking place. The cultures were grown in day¬ 
light at room temperature ranging from 20° to 25° V. for a period of two 
weeks. 

Results 

The observations on these sets of experiments may be grouped into the 
following classes: (1) those which show the effects of leaving available to the 
plant, or of blocking off, the various possible paths for the transmission of 
correlative factors; and (2) those which show the effects of the different 
growth'regulating substances tested. The factors correlating growth in the 
young lettuce seedling might be divided into two groups: those which could 
travel only through the living tissue of the plant; and those which could also 
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diffuse through a culture medium. It was for this reason that the excised 
parts were cultured together in the same medium, as well as in separate 
flasks. If histograms are made of the five series considered in class 1 for 
not only the controls but for each of the growth substances tested as well, 
then a simultaneous comparison of the effects from separating the plant parts 
and from the physiological effects of the chemicals may be made. 

Correlation 

Each histogram shows the mean of the total root growth per plant and 
represents the mean of at least ten cultures. Figure 1 represents the corre- 



Eio. 1. Total mean root growth per plant in plain nutrient medium in the different 
correlation series. Excised root growth was slightly Inmefited by the presence of the 
shoot. Adventitious root growth on excised shoots exceeded total root growth on the 
intact plants. A further slight increase in adventitious root growth occurred when the 
excised root was present in the medium. 


lation group occurring in the basic medium; i.e., salts and sucrose without 
added growth substance. The growth of the excised root alone, which is 
accountable only to those factors which were contained in the tip wiien it 
was excised, those which were manufactured by the root, and to the material 
of the culture medium, is the least of the five root types. The root w'hich 
was cultured in the presence of the excised shoot, and which could be addi¬ 
tionally influenced by substances diffusing from the growing shoot into the 
medium, grew slightly better. This effect, though slight, was very constant. 
The total root growth on the intact plants, including the main tap root, 
branch, and adventitious roots, is greater than that of any excised roots. 
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This growth could be influenced by factors produced in the shoot, and also 
by those in the growing tap root. That the latter is true is suggested by the 
growth of adventitious roots on excised shoots, which apparently are free 
from the restraining influence of some inhibitory substance associated with 
the main tap root. If the excised root is present in the same culture with 
the excised shoot, a further increase in adventitious root growth on the shoot 
occurs. This might indicate that the main tap root also supplies some sub¬ 
stance stimulatory to root growth which may diffuse through the culture 
medium, and also that the inhibitory factor must pass through the living 
tissue of the plant. It is also possible that effects ascribed to the necessity 



Fig. 2. Total mean root growth per plant with thiamin added to culture medium. 
The further stimulation of adventitious root growth on the excised shoots by the presence 
of the excised root as seen in the control series (fig. 1) did not take place. 

for factors to pass through living tissue are actually due to the great dilution 
any substance must undergo while diffusing from any part of the plant 
through the culture medium. 

Possible clues as to the nature of the factors, presumably 1 ‘growth sub¬ 
stances” of some sort, ejecting these correlative differences, may be obtained 
from the histograms showing the growth that occurs when the different sets 
are grown in media to which the growth substances have been added. The 
substances used in these experiments were chosen at random from a large 
number of physiologically active substances which might have been used. 
No suggestion is made whatever that any of these actually take part in 
normal correlative activities within the plant, but it is pointed out that some 
of their effects are qualitatively similar to those obtained when the plant's 
normal paths of correlation are broken. 
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Fig. 3. Total mean root growth per plant with thiourea added to culture medium. 
This histogram does not appear to be significantly different from that for the control 
series (fig. 1). 



Fig. 4. Total mean root growth per plant with nicotinic acid added to culture 
medium. This figure is similar to that for thiamin (fig. 2) with the further difference 
from the control that there was no stimulation of the excised root by the shoot. 
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When thiourea (fig. 3) was added to the culture medium, the general 
trend of the histogram was not changed from that of the basic medium, and 
hence its role, if any, in correlation is not shown. Thiamin (fig. 2) does 
not greatly alter the shape of the figure, except that no increase in adven¬ 
titious root growth on shoots cultured with excised roots occurs over that in 
those cultured alone. This is also true of nicotinic acid (fig. 4), in which, 
in addition, the characteristic slight increase in growth (for the control) 
of the excised root taking place in the presence of the shoot did not occur. 
Accordingly, it appears that the usual reciprocal relationship between the 



Fig. o. Total mean root growth per plant with indole acetic acid added to culture 
medium. Here the growth of the excised roots alone was definitely greater than when 
in the presence of the shoot. The increased growth of roots on the intact seedling over 
shadowed the response of the adventitious roots both alone and in the presence of the root. 
These responses and relationships were all exactly the opposite of those observed in the 
control series. 


root and the shoot in the control group is altered by thiamin and nicotinic 
acid. 

The figures for indole acetic acid (fig. 5) and naphthalene acetic acid 
(fig. 6) are very similar, except for magnitude. The decreased growth of 
the excised root cultured with the shoot, as compared with that cultured 
alone, suggests that the substance diffusing from the shoot may be physio¬ 
logically similar to these substances—that is, an auxin, since other experi¬ 
ments have shown that these will cause an increase in the growth of excised 
roots if the concentration is low enough, but are inhibitory in higher concen¬ 
trations, The reversal in trend of the other parts of the figure may be due 
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in part to the large number of adventitious roots which are induced on the 
whole plant, and for which some interaction of substances conveyed through 
living tissues from both the main root and shoot seems to be necessary. This 
appears reasonable since the number of adventitious roots developing on 
excised shoots is less when auxins are present in the medium and also because 
those lateral roots which are induced on excised roots are very poorly organ¬ 
ized. In high concentrations (ten milligrams per liter) of these substances, 
adventitious roots fail to develop at all. 



Fiu. 0. Total mean root growth per plant with naphthalene acetic acid added to cul¬ 
ture medium. The relationships seen here were like those in indole acetic acid, but with 
a wider latitude of response. 

That naphthalene acetamide (fig. 7) also causes an increase in excised 
root growth, and that the growth of the root alone is greater than when it is 
with the shoot seems to indicate that in some cases the auxins with the free 
acid group may themselves be the acting agent in the plant. The rest of the 
group for naphthalene acetamide shows the trend typical of the basic medium 
rather than that typical of the auxins. This indicates that in some cases 
others of the diverse effects of these substances may occur through the forma¬ 
tion of secondary compounds, such as the amide linkage. 
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Growth substances 

The effects of the growth substances as compared with the controls are 
comprehensively shown in table II, which is complete for the two most exten¬ 
sively studied concentrations, 0.1 and 0.01 mg. per liter. 

Many reports have been made of the effect of thiamin on plant growth. 
None of our findings indicate that it has a stimulatory effect on the growth 
of intact lettuce plants. This concurs with the results of Bonner and 
Greene (3) with tomato and some other plants. These authors assume that 
most of the annual green plants are able to produce enough thiamin so that 
it does not limit root growth in the normal plant. 



Fig. 7. Total mean root growth per plant with naphthalene acetamide added to cul¬ 
ture medium. The excised roots showed a response similar to that found in naphthalene 
acetic acid and indole acetic acid, but root growth on the shoot and the intact plant was 
not greatly different from the control. This split response should be especially noted. 

A concentration of ten mg. per liter of thiourea produced a slight increase 
in root growth and in the dry weight of the plant. This high concentration 
may be effective partly because of the mere added supply of nitrogen as a 
nutrient, but this does not seem probable. In other respects the results 
obtained with thiamin and thiourea were similar. In concentrations of 0.1 
and 0.01 mg. per liter a consistent and comparable stimulation of adventi¬ 
tious root growth by both substances occurred on excised shoots. This was 
not always accompanied by an increase in dry weight, as these roots were 
very long, infrequently branched, and exceedingly small in diameter. It 
should be noted that the adventitious roots appear on the shoots in most cases 
within 24 hoots after their transfer to the culture flask. 










Showing the effects of the various si bstances on growth in the different series. Measurements expressed as 

PERCENTAGE OF CONTROL MEAN FOR THAT SERIES 


STEPHENSON: GROWTH CORRELATION 













H US 



Cl OS 

CO rH 

© CO 

© 

Cl © 

© X 

Gfi 

£ 2 ft 

2 

# 

© CO 

Cl © 

rH OS 

co cd 

© © 

© Cl 

H 

Q S ® 
£ 

a 

CO 

rH X 

© rH 

Cl 

rH © 

© ^ 

© Cl 

§ 


rH rH 

rH 

rH 

rH rH 

Cl 

rH rH 

04 










w 

6* 









e 

* 

>. a r 

H 


© OS 

rH © 

© L-» 

S Ih 

© © 

© © 

04 9 ft 

P 

# 

© Cl 

© 

rH © 

00 © 

© id 

ad ad 

fig 

it 

© 

© © 

© rH 

rf X 

© CO 

© © 

Cl X 

cc 

as 


rH r-t 

rH 

rH 

rH rH 

L>- © 

rH rH 

§ 

JB 
H H 



© 

00 © 

l— © 


00 

X © 

CC 

8 P 


* 

© O 

!"• © 

© © 

© © 

rH 

©‘ ao 

3 ^ 

Ph w 


CO "* 

rH rH 

CO l- 

rH X 

X 

i- © 




rH rH 

rH rH 


rH 

rH 

rH 


J 










H 










US 

£ 2 fc 

s 

o 


r-J 1". 

ci oi 

Cl Hf* 

©* ao 

Cl X 
© ©* 

© ao 
cd x 

CO rH 

ad ci 

X L- 

cd 


Q U ® 

M w 


© CO 

X X 

© L- 

x © 

© X 

1^ X 

W 


sr 


rH rH 

rH 


rH 

Cl 

rH Cl 










3 

kjB 



CO © 

N 1- 

© © 


© cq 

N X 

CO 

C5 fc 

a 

* 

© © 

rH © 

© © 

© © 

© X 

rH X 

cl® 


1- Cl 

|x © 

X © 

© © 


© X 



rH Cl 

Cl rH 


rH 

X rH 

Hf< © 

8 

C? 







rH 


X 

- 33 



1- CO 

© © 

r* ffO 

co CO 

© 

X © 


8 2 


# 

© oc 

X rH 

h*J oo 

N 1- 


ci x 




© 1- 

1- X 

© rH 

CO X 

© 

© Cl 


Ph W 

pi 



rH rH 

i-H rH 

rH rH 

rH 

Cl 

rH rH 


H 










(H K 

g 


© © 

© X 

© 1- 

X X 

© X 

© © 


£ o ft 

8 


© rH 

rH H* 

Cl Cl 

co 

© l- 

OS X 


°r 

a 

© OC 

X 1- 

© © 

rH © 

© © 

t- 

CO 

X 

rH 


rH 

rH 


Cl 





















<! 

H 
s_ ffi 



h* © 

Cl h* 

Cl © 

X © 

© CJ 

X © 

Cu 


Q 


rt rH 

© © 

rH t>» 

t- © 

rH X 

© ^ 


r h © 

fig 

X 

N 

© © 

© 

© CO 

x r- 

© 1— 


s 


rH 

rH 

rH rH 

© © 

© Cl 

O 

£ 







rH 


P5 










£ 

_ a 



© rf 

©. 

© H- 

l- © 

aq 

l ": 


2 © 


v O QD^ 
^ «3® 

H<’ X 

OS X* 

ci ao 

ad 

Hf 


Ph w 


X © 

© Cl 

^ CO 

© 

Cl © 






r— 

rH rH 


X rn 


*3 








g CO 

H 









x 5 



Cl © 

© © 

X ^ 

© 

© © 

© © 

2 S 

as © 



© ^ 

© x 

© 1H 

H-‘ ©* 

© rH 

cd »-* 

o 2 

P w 


1^. © 

rH Cl 

© l- 

© © 

Cl © 

© Tf 

as 9 



rH rH 

rH rH 

rn 


rH X 


Q 

S * 

CO UJ 










_ w 










& x 



© Cl 

Cl t- 

l- X 

© Cl 

© 

N © 


O © 

S A 
Ph w 
*a 


* 

© CO 

H*‘ © 

©* 1- 


N 

x* ad 

w* 


CO 0*1 

rH rH 

rH X 
rH 

© © 
rH 

© 'H 

Tf« 

Cl © 

CO 

H 
fc- B 



1- CO 

© S 

© © 

rH © 

aq © 

© aq 

M 2 


$ 

© 

©' © 

rH OS 

rH © 

© © 

© © 


P B 


© lx 

X Cl 

X X 

1^ © 

X H 

© © 





rH 

Cl © 

Cl Cl 

© 

Sg 

< 







rH 


a 









►1 < 

H 



© © 

© © 

Cl © 

© ©, 

Cl 

00 Cl 

v\ 

C5 

W 



© Tt< 

l'* rH 

© ©’ 

© 1- 

cd 

© ci 

W 



rH © 

rH © 

© Cl 

1- 

© 

X X 



rH 

rH rH 

rH rH 

CO rH 

rH 

rH X 


3 os g 



© rH 

© rH 

© rH 

© rH 

© rH 

© rH 

® * 




rH © 

rH © 

rH © 

rH © 

rH © 

rH © 

A -* 

© a 

! *• 3 



© © 

© © 

© © 

© ©* 

© ©* 

© © 

O * 
















IH 


a> 'TO 

8 s 

*3 58 

5.8 



8 

>5 

** 

& 



.9 

cS 

8 

*S 

CQ 

.2 

8 * 
8-s 
is a 

cs 

.8 

i 

63 


03 



a 

S3 

*■§ 

oG O 

£ o 

a i ns 
ns *rS 


u> 

cc 



i 

.2 

JA 

2 

ft « 
?«» 


»§ 03 





E-< 


k 


>5 

63 

hH 



46 


PLANT PHYSIOLOGY 


Nicotinic acid also has been reported to be required for the continued 
growth of excised roots (1) and to stimulate the growth of certain plants (2). 
Its effect on lettuce is similar to that of thiamin and of thiourea, but was 
toxic in concentrations of 10 and 1 mg. per liter. A concentration of 0.01 
mg. per liter produced definite stimulation of the growth of excised roots. 

The inhibitory effect of auxins on root growth has been repeatedly 
reported in the literature although certain workers have found a stimula¬ 
tion. This apparent discrepancy is perhaps due to the variation of experi¬ 
mental method, as well as to the variations in response of different species. 



Fig. 8. Whole plant cultured in nutrient plus ten milligrams per liter of naphtha 
lene acetic acid, allowing nodule like inhibited root pumoidia, and below, tians\erse sec 
tion through one of them. 

Geiger-Huber and Bttrlet (8) and Fiedler (7) report increase of growth 
for the lower concentration under conditions similar to our experiments; 
Bonner and Koepfli, however, (4) report inhibition of root growth in 
Avena for the same concentration in which the greatest growth took place 
in these experiments. Their experiments, however, lasted only over a 24- 
hour period. It is possible that the stimulation which was observed here is 
due to a secondary effect since the culture solution at the end of the two 
weeks does not give curvature in the Avena test. The auxin is therefore 
presumably either used up or in some way destroyed by the plant, but the 
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fact remains that the stimulation of growth is the result of addition of the 
auxin to the culture. 

The auxins used in these experiments, indole acetic acid and naphthalene 
acetic acid, gave very similar results. The results, however, with naphtha¬ 
lene acetic acid were roughly comparable to those in ten times the concentra¬ 
tion of indole acetic acid. No normal growth occurred in the ten-mg.-per- 
liter concentration of either auxin. Excised roots were completely inhibited 
in their growth and no nodular growths (inhibited primordia) were formed. 
The entire plant elongated but a few millimeters in this concentration. 
Thickening of the leaves occurred, and many nodular growths were formed 



Fig. 9. Above: left, whole plant in nutrient only; center, plus 0.1 mg. per liter 
indole acetic acid; right, plus 0.01 mg. per liter naphthalene acetic acid. Below: left, 
upper, excised root in nutrient only; lower, plus 0.1 mg. per liter thiamin; center, plus 
0.1 mg. per liter indole acetic acid; right, plus 0.1 mg. per liter naphthalene acetamide. 

on both the root and the epicotyl (fig. 8). These nodules are evidently the 
result of the initiation of root primordia which are subsequently inhibited 
in their growth. 

In the l.O-mg.-per-liter concentration of auxins almost no growth takes 
place, but some primordia are initiated on the excised roots as well as on 
the shoots and on the intact plants. Those on the excised roots, however, 
are poorly organized and often resemble a cancerous growth more than root 
primordia. More primordia were initiated in naphthalene acetic acid than 
in indole acetic acid and subsequent inhibition was greater, resulting again 
in a nodule-like appearance as in the lO-mg.-per-liter concentration. The 
primordia on the shoot and on the intact plant developed somewhat giving 
rise to very short, thick, and profusely branched roots. No branch roots 
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developed on the excised roots. The comparative counts of numbers of 
primordia and lateral roots showed that there are more primordia formed 
on separate shoots than on shoots when the root is present; but the number 
on the roots is greater in the latter case than on the roots cultured separately, 
and also the number on shoots alone is greater than the sum of those initiated 
on both the roots and shoots cultured together. 

Great stimulation of root growth occurred in all series in the 0.1- and 
O.Ol-mg.-per-liter concentrations of both auxins (fig. 9). The length of root 
was not determined in the O.l-mg.-per-liter concentration series of naphtha¬ 
lene acetic acid since there were a very great number of exceedingly short, 
thick roots whose linear measurement was almost impossible to determine, 
and, even then, would have been without significance. Swelling of the cor¬ 
tex also occurs and is occasionally so severe that the outer layers of the cortex 
are completely separated from the central cylinder. Roots were in all cases 
much thicker than those of control plants. 

Summary 

In an effort to approach simultaneously the problems of growth correla¬ 
tion and the effects which certain reported growth regulatory substances 
exert upon young seedlings, the author utilized aseptic tissue culture tech¬ 
nique methods to compare four series of cultures: (1) intact seedlings, (2) 
excised roots, (3) excised shoots, and (4) a combination of excised roots and 
excised shoots. In these four series, thiamin, thiourea, nicotinic acid, naph¬ 
thalene acetamide, naphthalene acetic acid, and indole acetic acid were 
added to the culture medium of inorganic salts and sucrose in concentrations 
from 0.01 to 10 mg. per liter. The control group (without added sub¬ 
stances) showed that excised root growth was slightly benefited by the 
presence of the shoot in the medium, that the growth of adventitious roots 
on the excised shoot normally far exceeded that of the roots on the intact 
seedling, and that a further slight stimulation of this growth of adventitious 
roots on the excised shoot occurred when the excised root was present in the 
medium. When this group was compared with those obtained for the vari¬ 
ous growth substances in the lower concentrations, certain striking differ¬ 
ences were seen. In thiamin the further stimulation by the excised root of 
the adventitious root growth on the excised shoot did not occur. Neither 
did it occur in nicotinic acid. Also the characteristic slight increase in 
growth of the excised root taking place in the presence of the shoot did not 
occur in nicotinic acid. It appeared that both of these substances, then, 
disturbed the usual reciprocal relationship between the root and the shoot 
as found in the control group. Thiourea did not appear to alter this rela¬ 
tionship, which was affected to a greater extent, although differently, by 
naphthalene acetic acid. Naphthalene acetic acid brought about an increase 
in the growth of excised roots alone, both over the control, and over those 
also in the naphthalene acetic acid, but in the presence of the shoot. This’ 
is directly opposed to the relationship of the two excised root series in the 
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control group. Similarly, the increase in root growth on the intact seedling 
brought about by naphthalene acetic acid overshadowed the response of the 
adventitious roots on the excised shoot, which in turn was greater when the 
shoot was alone than when it was in the presence of the excised root. This 
again was exactly the reverse of the situation in the control group. The 
same type of response was noted with indole acetic acid. It was also found 
in the response of excised roots to naphthalene acetamide, but the growth of 
roots on all three series of shoots in this substance followed the trend of the 
control group. The striking difference between the response of the different 
parts of the plant to the acid and the amide of the same substance should be 
noted. 

Various morphological irregularities were observed in the higher concen¬ 
trations of some of the substances. 

The author believes that problems concerned with the effects of growth 
regulating substances on the plant must be attacked simultaneously with 
those on growth correlation, or any conclusions derived therefrom will be 
seriously limited in their scope. 

The author wishes to thank Dr. H. G. duBuy, University of Maryland, 
for his assistance in the course of the work and Dr. F. L. Wynd for helpful 
criticism in preparing the manuscript. 

University of Illinois 
ITrbana, Illinois 
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EFFECT OF THE ROOT SYSTEM ON TOMATO STEM GROWTH 


F . W . Went 
(WITH TWO figures) 

A long succession of observers have found a correlation between elonga¬ 
tion of internodes of the stem axis and the presence of the stem tip. Botan¬ 
ists are in general agreement at present that this correlation may be attrib¬ 
uted to the formation of auxin in the stem tip and its transmission through 
the stem to the elongating regions. Shoot growth is also dependent upon 
factors supplied by the root system. Vigorously growing branches soon 
suspend growth in length after they have been cut and placed in a vase. 
This root influence on shoot elongation is not due to the better known func¬ 
tions of the root system, namely water and salt uptake, for no set of condi¬ 
tions insuring adequate water and salt supply of the cut shoot can replace 
the loss of the root systems. In several papers (14, 15, 17) this effect of the 
root system on growth has been investigated in some detail and definite indi¬ 
cations of the substantial nature of this effect have been presented. An 
analysis of the distribution of growth rates in the A vena coleoptile also led 
to the assumption of a second growth factor in addition to auxin required 
for stem elongation. In earlier papers this factor was non-committally 
named “food factor ’ 9 (12, 13), but later when it became evident that sugar 
was not identical with this “food factor” (9, 10, 17) a special name, caulo- 
caline, was used for this second factor without any commitments as to its 
nature. 

In experiments with pea seedlings the root system was found to exert its 
specific effect on shoot growth even when it did not have to take up nutrients, 
and the effect was most pronounced when the roots were in contact with the 
minimum amount of water. If the roots were submerged too far in the non- 
aerated tap water, shoot growth was much decreased (15,17). Bonner and 
Axtman (3) and Skoog (11) found that in excised embryos the presence 
of growing roots increased shoot growth. This is remarkable because one 
would rather expect the shoots to be in food competition with the roots. 

All this evidence leads us to the hypothesis that under proper conditions 
the root system produces a hormone, caulocaline, which is required for stem 
growth in conjunction with auxin and sugar (17). In the present paper the 
conditions under which the root system exerts its influence on stem growth 
was studied. All work was done with tomatoes grown in the greenhouse. 

Methods and results 

To analyze the different functions of the root system, young tomato 
plants, San Jose Canner variety, were grown in sand. When they had reached 
a length of 10 to 15 cm. the root system was washed free of the adhering 
sand, and the stem below the cotyledons was split lengthwise so that on one 

* oi 
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plant two separate root systems were obtained, each attached to one half 
of the stem base. The plants were then placed over two adjoining con¬ 
tainers with Hoagland nutrient solution (6) so that half of the root system 
dipped into each container. The nutrient solution in each container was 
aerated, and within two weeks the root systems were well developed. Then 
the two halves of the root system could be subjected to different conditions 
in an attempt to separate its various functions. As an example, one of the 
first experiments will be described. 

The plants were divided into three groups of 5 to 10 plants each. Group 
A remained with both portions of the root systems in nutrient solution. 
Group B consisted of plants in which one-half of the root system was killed, 
so that they had only one-half of the functional root system in the culture 
solution. In group C the nutrient solution around the one-half root system 
was left, but around the other half it was exchanged for peat, which was 
kept moist with tap water. 

Figure 1 indicates the rate of stem elongation of the three groups. Be- 



Fig. 3. Growth rate (ordinate, mm./day) of stems of tomato plants with split stem 
bases and root systems. Both halved root systems of each plant are submerged in nutrient 
solution, until the 14th day (arrow), when one half is left in the solution, and the other 
half is either transferred to peat (C), or is left in solution (A), or is dead (B). 

fore transfer of roots of C, groups A and C had the same growth rate. In 
those plants the root system was already close to limiting the growth rate, 
for plants with only one-half living root system grew less (group B). 

Four days after transfer of group C its growth rate was still approxi¬ 
mately the same as that of A, but in subsequent periods the growth of the 
former became and remained significantly above that of A in spite of the 
fact that the root system effective in taking up salts and water was reduced 
to one-half. The increase in growth rate followed the appearance of many 
new roots with abundant root hairs on the root system in peat. Observation 
showed that relatively little water was taken up from the peat, the bulk com¬ 
ing from the nutrient solution. 

In this and later experiments it was noted that even with abundant 
aeration of the nutrient solution, chlorosis developed in the tomato plants 
having all roots submerged in the solution. This chlorosis became especially 
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severe when the pH of the nutrient solution was approximately 7, and it 
was less pronounced at pH 5 to 6 ,• even at this lower pH the plants were only 
light green. Even the severest chlorosis disappeared, however, as soon as 
roots developed in the peat, or above the nutrient solution. This might have 
been due to improved uptake of iron from the peat, since iron humates are 
known to be present in peat and to be an excellent source of iron for the 
plant. For this reason, an inorganic inert medium was compared with peat. 
For this inorganic medium J- to I-inch-mesh haydite was chosen, a pumice¬ 
like, light-weight, inert, burned-shale, sharp-edged, material which can hold 
a considerable amount of water and gives aeration as good or better than 
peat. Four groups of 5 tomato plants each were set up with halved root 
systems. The growth rate of the groups was comparable and almost con¬ 
stant for a period of two weeks as shown in table I. After transfer of one- 
half the root system to the solid medium, the growth rate of these plants 
almost doubled one week after the transfer whereas the growth rate of the 
plants with both root systems in solution fell off to a very low rate. 

This same type of experiment was repeated at least ten times, always 
with the same results. When the pH of the nutrient solution was kept at 5, 
the growth of the plants with both root systems in solution was better than 
at a higher pH, but it was always exceeded by the plants with one portion 
of their root systems not submerged in solution. This fact is stressed by 
the experiment shown in table II, where the growth rate of the plants with 
one portion of the root system in silica gravel failed to increase above that 
of the control plants. This was due to the fact that for the first 13 days 
after transfer to gravel the water level was kept up to the surface of the 
gravel. Upon draining of the gravel the growth rate immediately increased. 
In this case, a pure quartz gravel washed for 5 hours with strong H 2 S0 4 , 
then leached with rain water for 24 hours was used. Its color did not indi¬ 
cate the presence of any iron. Still the plants with half of their roots in this 
material, watered with rain water, became dark green. When half of the 
root system of these plants was cut off, only those plants having roots left 
in the gravel continued to develop green leaves even though they had no 
roots left in the nutrient solution. All of these experiments show that the 
effect of roots growing outside the nutrient solution upon the formation of 
the green color of the leaves is neither through iron uptake nor the iron up¬ 
take of the other roots, but by making iron (and other elements) available 
for chlorophyll formation. These roots can even offset the bad effect of high 
pH in the nutrient solution. 

A summary of the data on the growth of the stem from 7 experiments, 
involving 140 plants, and all giving the same qualitative results, is presented 
in table III. The growth rate of the control plants remained constant or 
dropped over a 25-day growing period. The growth rate of the treated 
plants rose immediately after transfer of a portion of their root system to 
a solid moist medium. 

The problem was also attacked with a slightly different technique. In- 
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TABLE III 

A SUMMARY OF STEM GROWTH (FOR 3.5-DAY PERIODS IN MM./DAY) OF TOMATOES GROWN 
WITH BOTH PORTIONS OF THEIR HALVED ROOT SYSTEMS IN NUTRIENT SOLUTION 

(top row). Mean of seven experiments, each comprising 20 plants 


Observation period in days 



3.5 

3.5 

3.5 

3.5 

3.5 

3.5 

3.5 

Both portions of the root sys¬ 
tem in nutrient* . 

8.8 

8.5 

8.0 

8.8 

9.0 

6.3 

6.4 

One half root system in 
nutrient, other half trans¬ 
ferred to solid medium 
after 3rd period. 

8.6 

8.3 

7.7 

11.1 

12.4 

10.8 

9.9 

Growth of treated group in 
percentage of control group 

98 

98 

97 

129 

138 

170 

154 


* Figures in second row refer to plants 10.5 days before and 14 days after one portion 
of their root system was transferred from nutrient solution to either moist peat, haydite, 
silica gravel, or glass wool. 

stead of mechanically dividing the root system into two parts, tomato plants 
were induced to develop a root system outside the nutrient solution in addi¬ 
tion to the roots in the nutrient. This was done by growing tomatoes in wire 
baskets containing a layer of about 3 cm. of peat, haydite, gravel, sand, or 
soil, which was kept wet with tap water. These baskets were suspended 



Fig. 2. Cross section through a two gallon earthenware crock, two-thirds filled with 
nutrient solution (E), through which air (C) is finely divided with aerator (B). The 
water level can be read at D. On top of the crock is attached a wire basket, filled with 
peat (A), In this peat a tomato plant (G), tied to support (H), develops a root crown, 
and in the solution the feeder roots branch out. F is air space between peat and nutrient 
solution. 
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from the edge of two-gallon crocks, two-thirds filled with nutrient solution, 
which was well aerated (fig. 2). The stems of tomatoes, germinated in sand 
and transplanted into the baskets, extended through the wire basket so that 
all roots dipped into the nutrient solution, and within two weeks from plant¬ 
ing, a second root system developed in the medium in the basket. In gen¬ 
eral, those roots remained short and had many root hairs, but occasionally 
some of them grew down into the nutrient solution and then elongated very 
much. 

Under these conditions the tomatoes grew slowly until the roots in the 
basket were well developed, then their growth increased to approximately 
the same rate as that of tomatoes grown in sand and watered with nutrient. 
The following growth rates in mm. per day were measured for plants ap¬ 
proximately 300 mm. tall in a humid greenhouse (70 to 80 per cent, humid¬ 
ity, 26.5° C.); 14.6 with haydite in basket; 14.3 with peat in basket; and 
16.1 in ordinary sand culture. In the dry greenhouse (30 to 40 per cent, 
humidity, 26.5° C.) 11.6 with haydite and 10.2 with peat. In other in¬ 
stances growth rates as high as 27.2 mm. per day were measured, which com¬ 
pared with 26.9 for similar tomatoes grown in gravel with sub-irrigation 
(both with day temperatures of 26.5° C. and night temperatures of 20° C.). 
The aeration of the solution is of no importance for the growth of the tomato 
plants as soon as roots have developed in the basket. In some experiments 
it was even found that aeration decreased the growth rate in direct propor¬ 
tion to the amount of air passed through the solution. In 16 non-aerated 
plants the growth rate was 11.1 mm. per day. With an air stream of 0.5 
to 2.5 ml. per minute the growth rate was 9.0; from 16 to 17 ml. per minute 
it was 8.6; from 25 to 60 ml. per minute it was 8.4, and from 100 to 180 ml. 
per minute it was 7.1. In another experiment 18 tomato plants with their 
roots in an aerated nutrient solution grew at a rate of 22.9 =t 1.6 mm. per 
day over a two-week period, whereas 16 comparable plants, in unaerated 
solution, grew 26.3 dr 1.0 mm. per day. This same difference was main¬ 
tained in following weeks. The standard deviation in the aerated plants 
was in every case higher than in non-aerated plants. This was due to a 
much greater number of plants with extreme growth rates, mainly with 
extremely low rates. 

In the plants in the baskets chlorosis also developed when the pH of the 
culture solution was above 6 and when no roots had developed in the medium 
in the basket. As soon as the roots grew out in this medium chlorosis dis¬ 
appeared. Sometimes only half of the plant became green and in these 
cases it was found that roots had developed only at the side of the stem 
below the green sector. This localized effect was also observed in the toma¬ 
toes with the halved root system described before. Here also the sector of 
the tomato plant above the root system in the solid medium turned green 
and only much later the whole plant changed color. Another indication 
that the nutrient solution as such is not responsible for the chlorosis was 
found in the observation that two plants in the same basket with their roots 
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in the same solution might be very different. The one with roots in the peat, 
sand, gravel, or haydite was dark green and grew rapidly, whereas the one 
without a root system outside the nutrient solution was yellowish green and 
remained stunted. 

That the growth rate of the plants in these baskets is in the first place 
determined by the roots developing in the medium above the culture solu¬ 
tion was indicated by the fact that the growth rate of the plants remained 
low as long as the roots in the basket had not developed. The complemen¬ 
tary experiment in which the roots growing in the basket were being cut 
off gave the expected result (table IV). In another experiment, within a 
week after cutting the roots in the basket, the growth rate of the tomatoes 
had dropped to one-third of that of the controls in spite of the fact that the 
dry weight of these roots, which were removed, was much less than 10 per 
cent, of the dry weight of all roots. By cutting off four-fifths of the root 
system which developed in the solution the growth rate temporarily dropped 
to about 50 per cent., but soon returned to normal. This indicates that less 
than ten per cent, of the root system in those tomatoes is responsible for 
more than 50 per cent, of their growth rate. 

It would be expected from the previous experiments that there is a rather 
close correlation between the growth rate of the tomato stems and the weight 
of the root system developed in the basket. In an attempt to determine 
whether this was due to this root system as such or to other factors a number 
of determinations of the sugar content, auxin content, osmotic concentra¬ 
tion of the cell sap, etc., were carried out in two sets of plants which had 
shown great difference in growth rate. One set of plants had been growing 
in a green house maintained day and night between 26° and 27.5° C. and 30 
to 40 per cent, humidity; the other set was grown under exactly the same 
conditions except that the humidity was kept between 70 and 80 per cent. 
Under these conditions tomato plants grown in gravel with sub-irrigation 
showed exactly the same growth rate (for a weekly period in the dry house 
21.5 mm. per day, in the wet house 21.5 mm. per day). The difference in 
growth rate of the two sets of plants grown in baskets above nutrient solu¬ 
tions, therefore, was not due to the different humidities as such. At the low 
humidity the peat in the basket dried out more rapidly and therefore had 
decreased the development of roots. In table V a number of the determined 
values have been condensed. These figures show a great difference in growth 
rate of the steins between the tomatoes grown in the dry and in the wet 
atmospheres. They also show that the difference is not correlated with 
sugar content of leaves, leaf development, root development in the nutrient 
solution, osmotic concentration and pH of the roots and stem tissues, auxin 
content of the green tips, or thiamin content of leaves, tips, and roots, for 
they all are of the same magnitude in the two groups of tomatoes with the 
different growth rates. Under wet conditions the stomata were more open, 
and the suction force was slightly less; but these same differences were found 
in the plants under sub-irrigation which did not show any differences in 
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growth rate. The only outstanding difference between the two sets of plants 
was the weight of the roots in the basket and stem length, weight, and growth. 

The root system in some solid, well-aerated medium is not essential for 
growth. Even when the whole root system is completely submerged in 
nutrient solution growth takes place, although in the author’s experiments 
at a decreased rate. If the iron content of the nutrient solution is suffi¬ 
ciently high (10 to 100 times more than required when used in sub-irriga¬ 
tion) and when the pH is carefully kept adjusted, chlorosis does not neces¬ 
sarily develop in tomatoes which have their complete root system submerged 

TABLE V 

Various values for tomatoes grown in baskets above nutrient solutions at the 

SAME TEMPERATURE AND LIGHT CONDITIONS BUT IN DIFFERENT REL \TIVh 

humidities.* Each value is the mean of 3 to 8 determinations 



Wet house 

Dry house 

Total length when harvested (mm.) 

362 

271 

Growth rate in mm./day 

24.7 

13.8 

Dry weight of leaves (mg.) 

1518 

1228 

u 44 per leaf (mg.) 

134 

123 

44 44 of roots in basket (mg.) 

155 

72 

Wet weight of roots in solution (gm.) 

6.75 

6.47 

“ 44 44 stems (gm.) 

20.72 

11.35 

Osmotic concentration of press sap from roots (atm.) 

4.82 

4.46 

(1 “ 44 44 44 44 stems (atm.) 

8.19 

8.07 

pH of press sap from roots 

5.52 

5.50 

an a tt u stems 

5.20 

5.20 

Auxin content of tops in degrees curvature/gram 

74 

80 

Vitamin in y/gmm dry weight of tops 

14.3 

12.0 

a a it a a a < i ] eaveg 

8.2 

8.5 

<( 44 44 44 44 44 44 roots in basket 

6.8 

6.5 

Glucose; percentage dry weight of leaves 

0.82 

0.88 

Sucrose 4 4 44 44 44 44 

0.61 

0.79 

Suction force (atm.) 

8.71 1 

11.1 

Opening width of stomata (10 = wide open) 

3.8 

1.9 


* Wet house, 75 per cent.; dry house, 35 per cent. 


in nutrient solutions. A very small proportion of all roots if outside the 
nutrient solution and in a healthy condition both offsets unfavorable pH or 
low iron content of the nutrient solution and greatly increases the growth 
rate. Even roots which have developed in the saturated atmosphere above 
a nutrient solution can perform this function. 

Only very few experiments were carried out to investigate whether the 
results obtained with tomatoes applied to other plants as well. With Cosmos 
very striking effects were observed. When young plants 8 cm. in length 
were transplanted in the peat baskets with their roots in the well-aerated 
nutrient solution, some growth occurred; but within 1 to 2 weeks the newly 
formed leaves were practically white, growth came to a standstill, and the 
completely etiolated tops started to die. In a few plants this condition im- 
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proved again, and in all such plants roots were found which had developed 
above the nutrient solution or in the peat. Increasing the iron and minor 
elements in the culture solution did not give the slightest improvement, 
whereas the same solution produced good growth when used to w r ater Cosmos 
plants growing in sharp washed river sand or pure quartz sand or haydite. 

The same effects were noted when Cosmos plants were grown suspended 
in jars with nutrient solution. The stems were kept in position with a cot¬ 
ton plug, in which no roots developed. Aeration of the culture solution did 
not give any improvement of the poor growth, and could not offset the 
chlorosis which developed both in aerated and unaerated solutions. Within 
one week after lowering the nutrient solution to 6 cm. below the top of the 
jars the growth became normal again, but only in those plants w T hich had a 
sufficient number of young roots developed in the air above the nutrient 
solution. Also in this case the stem growth rate was determined by the 
extent of root development outside the nutrient solution. 

Discussion 

It seems that the previous experiments are sufficient to draw the follow¬ 
ing conclusions: A tomato plant with all of its roots submerged in a com¬ 
plete nutrient solution will grow slowly and may develop a chlorosis which 
cannot be cured by increased doses of iron and minor elements, even when 
sprayed on the leaves. Aeration of the solution improves the development 
of the roots, but aeration itself cannot cure the condition of stunted growth 
and chlorosis. This poor growth is not a result of insufficient water or salt 
uptake; at no time was wilting of plants observed. From table V it follows 
that the sugar and the osmotic concentration of plants growing slow and 
fast was the same, so that apparently their salt concentration was also the 
same. This is brought out more clearly by the experiments with divided 
root systems. The plants do not become normal and healthy before roots 
develop outside the solution. But then half the root system in solution is 
sufficient to take up all the water and salt required for good growth, whereas, 
beforehand double this amount of roots seemed insufficient. The effect is 
so marked and appears so soon after transfer of the roots that an indirect 
effect of the roots in air on those in solution seems highly improbable. 
Effects due to better aeration of the root system in water through oxygen sup¬ 
plied by the roots in air are excluded since (1), aeration of the solution de¬ 
creases rather than increases top growth; (2), the two portions of the root 
system are separated by 10 cm. of split hypocotyl, and these halved hypo- 
cotvls do not show development of aerenchyma. Therefore, we must con¬ 
clude that the portion of the root system in solution was perfectly capable 
of taking up all necessary salts and water, but that the top was unable to 
utilize them without the help of roots in air. The experiments described 
above have shown that although the roots in the solid medium are able to 
take up water, the bulk of the water uptake occurs by the roots in nutrient 
solution. Since the roots outside the nutrient solution have practically no 
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salt uptake, and cause increased growth even though they cannot take up 
organic materials (when grown in haydite, silica gravel, or sand), their 
effect can only be due to internal secretion of a factor required for satis¬ 
factory top growth. This same conclusion has been reached in the case of 
seedlings (14, 16), and this factor was named caulocaline. It is possible 
that caulocaline is a complex of factors; for further discussion the reader 
is referred to Went and Bonner (17), where evidence of the chemical na¬ 
ture of caulocaline is produced. If we piece all present knowledge together, 
we can conclude: Roots supply a factor (or factors) to the growing region 
of the shoot, indispensable for stem growth, and for convenience sake named 
caulocaline. In many plants this 'caulocaline is formed only in roots sur¬ 
rounded by moist air. It travels upward in the stem, apparently under the 
influence of auxin (16), through the living elements of the vascular bundles 
(6) and has not been extracted in large quantities as yet. 

Let us ask whether this knowledge about the formation of caulocaline 
is useful in explaining other well-known phenomena. In the first place, we 
have to bear in mind that the individual differences of various plants are 
enormous as far as the air requirement around their roots is concerned. 
Many plants such as rice, Ranunculus sccleratus , and Cypcrus altermfolius 
(2) can grow with all of their roots submerged; but others, like tomato, must 
have part of their root system in contact with air to produce maximal growth. 
Gericke (4) specifically mentions that in roses “the root crown should never 
be immersed in the liquid solution.” This excessive aeration of the root 
crown is not required because otherwise no salts and water can be taken up; 
the oxygen requirement of the roots for salt absorption is much less than 
that for increasing the growth rate of the stems and for preventing the type 
of chlorosis described above. 

Many plants require a very light and loose top soil. If the upper soil 
layers are allowed to pack closely together, growth in these plants is stunted. 
Although in most plants the roots, especially those taking up water and salts, 
are located deep down in the closely packed soil, still a superficial cultiva¬ 
tion of the soil around such a plant will decrease growth if the superficial 
roots have been injured. This must be due to the necessity of the root crown 
for growth, because this cultivation does not appreciably change the condi¬ 
tions around the absorbing roots which are in the main below the cultivated 
portion of the soil. 

The knee-roots, or pneumatophores, of the mangrove vegetation have long 
been considered to serve for air intake and gas exchange in general between 
the roots down in the mud and the air (7). Although it was physically im¬ 
possible to get anj^bonsiderable amount of gases exchanged over such a long 
distance (only through diffusion in the wide intercellular spaces of the pneu¬ 
matophores) their respiratory function was generally accepted until Troll 
and Dragendorff (8) proved by direct measurements that no gas exchange 
of importance occurred through the pneumatophores of Sonneratia. It 
seems logical, therefore, to assume that these pneumatophores are necessary 
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for the caulocaline production required for stem growth. This view is 
strengthened by the observation of Karsten (7) that in the mangrove vege¬ 
tation the trees with the largest pneumatophores have the largest growth 
rates. 

In considering the bearing of caulocaline production on the growing of 
plants in general, water cultures have to be discussed. For 80 years plants 
have been grown with their roots immersed in nutrient solutions, and in the 
presence of all necessary inorganic elements satisfactory, although often 
slow growth was obtained. Proper aeration of the nutrient solution greatly 
increased growth in many plants. Hoagland and Arnon (6) have shown 
that with vigorous aeration tomato plants can grow as rapidly in water cul¬ 
tures as in good soil. Gericke (4) suggested a modification of the water 
culture method consisting of supporting the plants above the nutrient solu¬ 
tion in a seed bed containing some porous material, organic or inorganic. 
Gericke ’s other improvements over the regular water-culture technique, 
such as the use of commercial salts and tap water, are adaptations of minor 
significance. A scientific explanation, however, is lacking for the advan¬ 
tages of hydroponics over the traditional water culture. Probably this is 
the reason why the importance of the seed bed is not generally recognized. 
In a pamphlet, Ball (1) states that hydroponics was no success in the East 
and Middle West, giving as the probable reason: “the Gericke plan fur¬ 
nished everything the soil did (see above) except air at the roots / 9 

The experience gained with the foregoing experiments does not support 
the generally held views as expressed by Hoagland and Arnon (6) : “While 
the use of a porous bed instead of a perforated cover facilitates aeration of 
roots, the bed can be dispensed with if provision is made to bubble air 
through the nutrient solution.” This may be true for certain plants, but 
not for all. In a commercial greenhouse near Pasadena using the water 
culture method no other provision is made for aeration of the nutrient solu¬ 
tion beyond pumping it slowly through the tanks. Since growth of toma¬ 
toes in this greenhouse is excellent, it indicates that aeration of the culture 
solution is not so essential if a proper root system has developed in the seed 
bed or between seed bed and culture solution. 

We thus reach the conclusion that the essential improvement of hydro¬ 
ponics over the old water culture method is to divide the functions of the 
root system: one root system takes up water and salts; the other, in the seed 
bed or between solution and seed bed, supplies caulocaline. And this is 
essentially the same division of labor as we encounter in most trees and 
perennials. They also develop a long fibrous feeding root system, which 
penetrates deep into the soil, and in addition they have a root crown which 
is well aerated, but due to its position, cannot well serve for water and salt 
uptake. 

Summary 

It has been shown that if all the roots of a tomato (or Cosmos) plant be 
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submerged in a nutrient solution of pH 6 or higher, aeration cannot prevent 
chlorosis and especially a drop in the growth rate of the stems, although 
root growth is satisfactory. As soon as a portion of the root system develops 
in moist air, however, growth of the stem becomes maximal. All experi¬ 
ments point toward the conclusion that the part of the root system which 
develops in moist air supplies one or more factors (tentatively named caulo- 
caline) required for stem growth and prevention of chlorosis. Thus, in in¬ 
tact plants, the aeration of roots seems to be of relatively greater importance 
for their caulocaline production than for salt uptake. 

William G. Keeckhoff Laboratories 
California Institute of TEciiNbLOGY 
Pasadena, California 
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USE OF TENSIOMETERS IN MEASURING AVAILABILITY 
OF WATER TO PLANTS 


F. J. Veihmeyer, N. E. Edlefsen, and 
A. H. Hendrickson 

(with eleven figures) 

Efforts by several investigators to measure availability of water to plants 
by vapor pressure (2,12) and other methods (10,14) have indicated that the 
potential of water at the permanent wilting percentage is approximately 
16 x 10® ergs per gram, whereas others (1, 11) have obtained results which 
indicate somewhat lower values. A great many experiments (3, 4, 5, 6, 13) 
have demonstrated that soil moisture seems to be equally available to plants 
at all times, as measured by the response of plants, as the moisture content 
is decreased from a high value to about the permanent wilting percentage. 
This conclusion seems to be general for all plants which have been studied. 
Evidently plants do not respond markedly enough to show any change in 
availability of water until the soil moisture is reduced to about the perma¬ 
nent wilting percentage. On the other hand, physical measurements show 
that the energy required to remove water from the soil, changes materially 
as the soil-moisture content decreases. It was surprising therefore, when 
Rogers (9) found, while working with strawberry plants in pots, that the 
plants wilted severely at a tension of 60 cm. of mercury (potential of 0.8 x 
10 8 ergs per gram). Furthermore, his illustration shows plants wilted 
slightly at 47 centimeters (0.6 x 10“ ergs per gram). The maximum poten¬ 
tial measurable by tensiometers is less than 1 x 10“ ergs per gram. The work 
reported herein was undertaken largely in an effort to explain this apparent, 
discrepancy. 


Experiments with sunflowers and strawberries 

Since much of the work at Davis had been done with sunflowers, the first 
trial was made with these plants. The plants were grown in a metal con¬ 
tainer holding approximately 15 kilograms of soil. A tensiometer connected 
to a mercury manometer was inserted near the center of the container. The 
plants were allowed to dry the soil to the permanent wilting percentage 
several times before the experiment was started. 

Figure 1 shows the tension as a function of average moisture content of 
the soil. The permanent wilting percentage and the moisture equivalent are 
given. The potential at the maximum reading of the gauge (56 centimeters 
of mercury) is approximately 0.8 x 10“ ergs per gram. Figure 2 shows the 
appearance of the sunflowers when the tension was near the maximum 
value. Clearly the sunflowers were fully turgid; furthermore, they re¬ 
mained so until the permanent wilting percentage was reached. The gauge 
did not operate at the lower moisture contents. This disagrees with the results 
published by Rogers (9). He worked with strawberry plants, however, so 
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it was decided to see if by some chance these plants behaved differently 
than sunflowers. Strawberries were accordingly planted in double-walled 
burned clay jars (7), the inside wall of which was porous. The arrange¬ 
ment is shown in figure 4. Samples of soil to determine the moisture con¬ 
tent in the jar were taken at various times with a cork borer, the holes being 
refilled with soil at approximately the same moisture content.* The top half 
of the sample was kept separate from the bottom half and the average 
moisture content of the top half as well as the bottom half of the jar are 
plotted as a function of time in figure 3. The moisture equivalent and the 
permanent wilting percentage of the soil are shown. The plant continued to 
maintain its turgidity until the permanent wilting percentage was reached. 
Figure 4, A, was taken immediately following an irrigation so that all the 



So/f fjosfu'v pcrcc"'age 

Fig. 1. Tension of the water expressed in centimeters of mercury as a function of 
moisture content for Yolo silt loam on which the sunflowers (292) were growing. 

soil was wet and the gauge reading showed zero at the start of the experi¬ 
ment. Figure 4, B, shows the gauge reading 25 inches of mercury (po¬ 
tential of 0.8x10" ergs per gram) and the condition of the plant at this 
tension. There is no indication of wilting at this maximum tension read 
on the gauge. 

As shown in figure 3, there was some difference in. moisture content be¬ 
tween the top half of the jar and the bottom half even though lead foil was 
used to cover the surface of the soil to retard evaporation. While there 
were variations in moisture contents in different portions of the soil, that at 
the center of the pot was not consistently higher or lower than at the edge. 
To test the distribution of tension within the jar a small porous cup was 
placed approximately in the center of the soil mass and connected to a gauge 
as shown in figure 5. The pot was then irrigated and the plants were 
allowed to reduce the moisture until the tension of 25 inches of mercury was 
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reached. No corrections have been made for the difference in elevation of 
the gauges above the center of the porous vessel containing the water, but 
it is clear that the readings on the two gauges are approximately the same; 
that is, the tension at the outside wall is practically the same as in the center. 
This was to be expected from our measurements on the horizontal distri¬ 
bution of moisture within the pot as reported above. Our results indicate 
that strawberries are no different from other plants studied in their ability 
to use soil moisture from soil permeated by their roots. Our results, never- 



Fig. 2. Sunflowers (292) near the maximum obtainable tension of the water in the 
tensiometer. They appear to be the same as the sunflowers (209) growing on soil above 
field capacity. 

theleas, differ markedly from those of Rogers (9). A possible explanation 
is that since Rogers grew his plants in single-walled porous flower pots, 
evaporation from the wall had dried the outer part of the soil mass to a 
greater extent than the center of the pot where the porous cup used to mea¬ 
sure the tension was located. 

A further study was made of the use of the tensiometer with strawberries 
un<$er field conditions. The porous cup was connected to a tension gauge 
and placed with its center about 18 inches below the surface of the soil in a 
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Fig. 4. Strawberry plant in a double-walled porous pot: (A) at the beginning of the 
experiment when the soil was wet j (B) the same plant when the tension of the water in the 
tensiometer had been increased to 25 inches of mercury. At this tension, there was no 
evidence of wilting. 
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strawberry bed. Moisture samples were taken at 6-inch intervals to a depth 
of 2 feet. It is commonly thought that strawberries are extremely shallow- 
rooted plants and, therefore, it was assumed that 2 feet would be ample 
depth at which to sample. Figure 6 shows four curves, one for each 6-inch 
depth, giving the moisture content as a function of time. The permanent 
wilting percentage and moisture equivalent are also given. 



Fig. 5. The readings of two gauges, one of which measures the tension of the water 
between the two walls of the porous pot; the other is attached to a porous cup placed in the 
center of the soil mass. This arrangement was employed to determine whether there was 
an appreciable difference in the tension between the center and the outside of the soil mass. 
The readings were so close that no differences could be observed. 

In figure 7 are shown photographs of the strawberries at the three dif¬ 
ferent times indieated in figure 6 by the three vertical lines. The picture 
marked A was taken immediately following an irrigation. The photograph 
marked B shows the strawberries when they had dried the soil sufficiently 
so that the. gauge, which had been installed following irrigation, had reached 
approximately 25 inches of mercury (potential of 0.8 x 10° ergs per gram), 
no correction being made for the water column from the center of the cup 
to the center of the gauge. As the plants continued to use water, air grad- 
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ually leaked in so that the reading dropped to zero by the time the picture 
marked C was taken; at this time some of the plants were just beginning to 
show some wilting, although the maximum reading on the tensiometer had 
been reached 27 days previously. In fact, the plants continued to remain 
turgid after all the readily available water had been used out of the top 2 
feet of soil. This was surprising in view of the fact that it is usually as¬ 
sumed that strawberries are shallow-rooted plants. 

In an attempt to find out what the approximate root zone of the straw¬ 
berry plant was, the bed was irrigated again and samples were taken at 
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Days 

Fig. <>. Moisture content as a function of time for each 6-inch layer to a depth of 
2 feet in the strawberry field shown in figure 7 on Yolo fine sandy loam. The three ver¬ 
tical lines show the times at which the photographs, figure 7, "were taken. 

l-foot intervals to a depth of 4 feet. The curves in figure 8 show the 
moisture content as a function of time for each foot section down to 4 feet. 
Apparently, some water was extracted below 3 feet. The conditions of the 
plants at various times are shown in figure 9. The picture marked A was 
taken immediately following an irrigation. The picture marked B was 
taken when practically all the available water was used from the top 2- 
foot section, whereas the picture marked C was taken at the end of the ex¬ 
periment. As can be seen, the plants show little need of water even at the 
end of the experiment. An appreciable amount of water was used from the 
4th foot. 
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Replicability of tensiometer readings 

Further studies on the use of tensiometers under field conditions were 
made on a Sudan grass plot. The tensiometers used here were constructed 
under the direction of Dr. L. A. Richards (8), and, through his kindness, 
loaned to us for the experiment. Tensiometers were placed in the center of 



Pig. 7. (A) Strawberry plants immediately following an irrigation; (B) when the 

tension of the water in the porous cup attached to the gauge had reached approximately 
25 inches of mercury; (C) when practically all of the readily available water had been used 
from the top 2 feet of soil. The tensiometer reading was approximately at its maximum 
value at the time B was taken. Air had leaked in and the gauge had dropped to zero by 
the time C was taken. 


the first-, second-, third-, and fifth-foot depths. Variations of moisture 
content and tension with time for each depth are shown in figure 10, the 
tension being plotted to a logarithmic scale. The moisture equivalent and 
permanent wilting percentage are given for each depth. 

At no time during the season did the Sudan grass show any indication 
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of need for water. When irrigation was applied, it was done not because 
the grass showed need for water, but in an effort to start the field from a wet 
condition again so that a check on the replicability of the tensiometer could 
be made. It should be mentioned that enough water was applied to this 
field to wet the soil to the water table 10 feet below the ground surface, and 
hence the soil below the top foot remained well above the moisture equivalent 
for a long period after the second irrigation. To test the replicability of 
the tensiometer readings for different “cycles,” 1 the curves of figure 11 were 
derived from data taken from the curves of figure 10. They show the 
tension as a function of moisture for each of the foot sections studied. 



Days 

Fig. 8 . Tlic soil-moisture content of the top 4 feet of soil in the strawberry field 
shown in figure 9. This is the same field shown in figure 7. 

The moisture equivalents for each foot are shown on the graph. It is, of 
course, impossible to use the data for such a curve at tensions higher than 
where the tensiometer operates, and hence the moisture content does not 
decrease to as low a value as it does in the curves of figure 10. The tension 
increases very rapidly as the moisture content decreases in the neighbor¬ 
hood of the moisture equivalent. This makes it extremely difficult to fix 
with any degree of exactness the value of the tension at the moisture 
equivalent. However, as can be seen from the curves of figure 11, a tension 
of 300 centimeters of water (0.29 x 10 6 ergs per gram) is approximately 
the value when these soils are at the moisture equivalent. This is in sub¬ 
stantial agreement with Richards (7). It is considerably lower than most 

i By a cycle we mean the sequence of moisture changes which the soil passes through 
from one irrigation to another. • 
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FlO. 9. (A) Strawberry plants immediately following irrigation; (B) 30 days after 

irrigation, and (C) at the end of the experiment 55 days after irrigation. The plants in 
B appear to be as turgid as in A. 

of the values estimated by Schofield (10) who concluded from available 
data, that the pF was between 2.5 and 3.0 (0.31 x 10® to 0.98 x 10® ergs per 
gram) at the moisture equivalent. 
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Fig. 10. The tension of tlie uater in the tensiometers expressed in centimeters of- 
water and the moisture content in a Sudan grass plot as a function of time for the first, 
second, third and fifth-foot depths. 


A confusion between numerical and dimensional equality in certain 
soil-moisture measurements 

In this connection, it is worth while calling attention to an error which 
is frequently made. Since the moisture equivalent is approximately equal 
to the field capacity (which is usually considered to be the moisture held in 
the soil against the pull of gravity) of most fine-textured soils but not 
always sands, and since in the e.g.s. system the pull of gravity on unit mass 
is numerically equal to the pressure of 1 atmosphere, it has been reasoned by 
some that the potential at the moisture equivalent is equal to a tension of 1 
atmosphere, or a pF of 3, or 1.0 x 10 6 ergs per gram. This is faulty reason¬ 
ing. The fact that in the e.g.s. system the pull of gravity on unit mass is 
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approximately numerically equal to a pressure of 1 atmosphere is purely 
coincidental. The pull of gravity on unit mass has the dimensions of force 
per unit mass, whereas pressure has the dimensions of force per unit area; 
and potential has the dimensions of energy per unit mass. That pF of 3, or 
1.0 x 10 6 ergs per gram is the value at the moisture equivalent has been 



Fig. 31. The tension of the water in the tensiometers expressed as centimeters of 
water as a function of moisture content for the first, second, third, and fifth-foot depths 
in the Sudan grass plot, the moisture content of which is shown in figure 10. The tension 
at the moisture equivalent is indicated. 

given added credence because it coincided with the upper range of values 
for pF at the moisture equivalent as estimated by Schofield. There is 
also another reason why a pF of 3 has been associated with the moisture 
equivalent. By assuming that a potential of zero exists at the outer surface 
of a soil sample one centimeter thick in a centrifuge being subjected to a 
centrifugal field of 1000 times gravity, it follows that the potential at the 
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inside surface is 1.0 x 10 6 ergs per gram or a pF of 3. The average pF for 
the sample is much less than this. 

Summary 

Pot and field experiments using sunflowers, strawberries, and Sudan 
grass indicate that tensiometers are capable of indicating the tensions for 
moisture contents in the upper one-third to one-half of the range between 
the moisture equivalent and the permanent wilting percentage. 

Strawberry plants in pots remained turgid when the roots were in soil 
at moisture contents much lower than those which would produce a maxi¬ 
mum tension of about 700 centimeters of water. Similarly, the moisture 
content in the top 3 feet of soil in the strawberry field reached a percentage 
lower than that which would show a tension of about 700 centimeters of 
water and yet the plants remained turgid. 

All of the soil in the pots and in the top 3 feet of the strawberry field 
plots was reduced to the permanent wilting percentage before there was any 
evidence of wilting. At this moisture content there would be an equivalent 
tension of about 16,000 centimeters of water as estimated by available data 
on the potential of the water at the permanent wilting percentage. 

Tensiometers in the Sudan grass plots showed close replicability for 
different “cycles.” Tensions obtained were about the same even though 
the soils tested varied in texture as measured by the moisture equivalent. 

For the soils tested, the potential at the moisture equivalent, while 
difficult to evaluate exactly, is in the neighborhood of 0.3 x 10 6 ergs per 
gram. 

Attention is called to an error in reasoning occurring in the literature 
in regard to evaluating the pF and the potential of soil moisture at the 
moisture equivalent. 

The University of California 
Davis, California 
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MEASUREMENT OP SMALL CONCENTRATIONS OF ETHYLENE 
AND AUTOMOBILE EXHAUST GASES AND THEIR 
RELATION TO LEMON STORAGE 

P. W. Rohebaugh 
(with five figures) 

Introduction 

Ethylene, even in very small concentrations, is known to hasten the 
coloring and ripening of fruits and vegetables in storage and to greatly 
increase their rate of respiration. 

Further study of this problem has been made for the purpose of obtain¬ 
ing a satisfactory test for the detection of small concentrations of ethylene 
in connection with commercial storage of lemons. It was desirable to know 
what concentrations of ethylene accumulate in lemon storage rooms from 
decaying fruit; also what might be the importance of motor exhaust gases 
from loading and unloading trucks or from the cars and trucks of nearby 
highways. 

Probably the earliest written record of the effects of motor gases on fruit 
is given in a paper by Sievers and True (17). They reported that lemons 
were being colored quickly in the packing house by piping the exhaust gases 
from a gasoline engine into the coloring rooms. They also stated that the 
exhaust gases produced a very satisfactory fruit color in the same time as 
was required w r ith kerosene stove fumes. Apparently the fruit was colored 
as quickly as it now is with ethylene. 

Wright (18) describes methods of using motor exhaust gases for coloring 
oranges. This author states that the gas in a well-regulated coloring room 
should be just strong enough that a person experiences only a slightly dis¬ 
agreeable odor or burning sensation of the eyes. His observation was that 
the first sensation experienced on entering the room is the most reliable. 
He recommends that the gas be run into the room during only about 10 
hours a day. 

Barger and Hawkins (1) have described the satisfactory use of gasoline 
engine exhaust fumes for coloring grapefruit in Florida. Denny (5) after 
analysis of kerosene stove fumes concluded that the ethylene fraction was 
mainly responsible for the coloring of fruit and stated that ethylene when 
used in concentrations as low as 1 p.p.m. brings about this coloring. He 
also pointed out that a wide range of ethylene concentrations from 1 part in 2 
million to 1 part in 5000 may be used to color fruit. 

Mack (14), working on the blanching of celery with ethylene, found that 
20 p.p.m. to 40 p.p.m. gave the optimum concentration for blanching and 
concentrations more than 40 p.p.m. gave less blanching. 

It has been shown that a number of different fruits give off ethylene gas 
during ripening. While Elmer (6) appears to be the first to point out 
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that apples give off some form of physiologically effective gas, it remained 
for Gane (7) to prove that the gas was ethylene. Other fruits have also 
been found to give off ethylene. Niederl et al . (16) found that bananas 
give off small amounts of ethylene while ripening. Hansen and Hartman 
(10) in 1935 gave considerable evidence that ethylene was given off by pears. 
Hansen (9), again working on pears and measuring the ethylene by chemi¬ 
cal means, studied the relation of ethylene production to respiration. He 
found that the amount of ethylene given off by the ripening of pears was 
influenced greatly by such factors as temperature, anaerobic conditions, and 
varietal differences. Biale (2) and Miller et al. (15) have shown that 
emanations, believed to be ethylene, are given off by citrus fruit decaying 
from the common green mold, Penicillium digitatum Sacc. Miller et al. 
(15) also found that sound citrus fruit gave slight but positive tests for 
ethylene. 

Without having some delicate simple test, it is impossible to know when 
storage rooms are properly ventilated or whether the air being taken into 
the storage rooms is free from ethylene. It has been our purpose, therefore, 
to develop a method which could be used to test automobile exhaust gases 
for ethylene and to detect small amounts of this gas in fruit storage rooms. 

Method 

The epinasty test using pea plants, with some modification of the method 
as described by Knight et al. ( 12 ) and Knight and Crocker (11), seemed 
to offer the best possibility as a method of quantitatively measuring very 
small ethylene concentrations. 


Results 

Measurement of the ethylene equivalent of motor exhaust fumes 

Alaska peas were planted in cans 2\ inches high and 4 inches in diameter, 
the cans being filled with one part sand, two parts water and three parts peat 
moss. The peas were grown at 75° F. until the plants were one or two inches 
high. This usually required four days. 

One can of peas was placed in each of eight removable lid steel drums of 
55-gallon capacity. After the peas were placed, the lids were clamped 
tightly and different measured quantities of motor exhaust fumes were 
placed in five of the drums; measured quantities of ethylene were placed 
in two drums, and one was kept as a control. After four days, peas grown 
in the exhaust fumes were compared with the others grown in the drums 
with known quantities of ethylene and with the control to which no gas had 
been added. 

The automobile exhaust gases to be tested were first introduced into an 
ordinary steel drum Which served only as a reservoir. This was done by 
means of a l$-in. hose one end of which was placed on the exhaust of a 
Ford V8 automobile and the other end into the side opening of the drum. 
The top of this drum contained a four-inch opening from which the gases 
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could escape. The automobile motor was started and the gas fumes allowed 
to run into the drum for about 15 minutes to displace the air. The rate of 
flow of the gas from the motor was measured by having an anemometer on 
the opening in the top of the drum and the quantity of exhaust gases coming 
from the motor in a given time was recorded. A single barrel tire pump 
had been made into a syringe by removing the valves, placing a double 
leather on the plunger and calibrating it. The pump was used to remove 
given quantities of the motor gas from this drum and place it m the drums 
containing peas. 

A known amount of ethylene was introduced into two of the drums as 
follows. The ethylene was first introduced into a 5-gallon carboy to give a 



Fig. 1. Equipment used for measuring out small quantities of ethylene into epmasty 
test drums. 

concentration of 1 part ethylene to 2000 parts air mixture. This was done 
by means of water displacement from a burette having a 0.5-mm. capillary 
tube connected at the top and a leveling bottle at the bottom. The leveling 
bottle was raised to fill the burette and capillary with water. Then the 
capillary was attached to the ethylene container and the water in the capil¬ 
lary and most of that in the burette were displaced with ethylene. The 
capillary was then connected to the carboy and the desired amount of 
ethylene introduced by raising the leveling bottle (see fig. IB). The carboy 
also contained a piece of crumpled paper which helped to mix the gas con¬ 
tents when the carboy was shaken. The desired amount of this diluted gas 
was then introduced into the barrels containing the pea plants by connecting 
a closed graduated cylinder with a funnel and a capillary tube. The capil¬ 
lary tube was inserted into the bung hole of the drum. By adding a given 




82 


PLANT PHYSIOLOGY 


quantity of water to the graduated cylinder air was forced into the carboy, 
displacing an equal amount of the gas mixture from the carboy into the drum 
with the peas. Direct water displacement was avoided since ethylene is 
appreciably water-soluble (see fig. 1A). 

The ethylene and the concentrations obtained in the drums are given 
in table I. 

TABLE I 


Drum 

NUMBER 

Gas 

ADDED 

Amount of 

GAS ADDED 

Concentration 
IN DRUM 

1 

None 

ml. 

p.p.m. 

2 

Ethylene 

0.05 

0.25 

3 

Ethylene 

0.1 

0.5 

4 

Motor exhaust 

25.0 

120.0 

5 

Motor exhaust 

80.0 

400.0 

6 

Motor exhaust 

160.0 

800.0 

7 

Motor exhaust 

400.0 

2000.0 

8 

Motor exhaust 

800.0 

4000.0 


Figure 2 shows a set of peas after four days in these drums. There was 
no bending due to epinasty in the control drum although the plants were tall 
and etiolated so that when removed for photographing several of them bent 
over from their own weight. 

The peas in drum no. 2 with 0.25 p.p.m. of ethylene bent over and grew 
2" to 21 in. horizontally. Those in no. 3 with 0.5 p.p.m. ethylene bent over 
and grew to 2 in. horizontally. Those in no. 4 with 120 p.p.m. of motor gas 
showed almost as much epinasty as those in 0.25 p.p.m. of ethylene. The 
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Fig. 2. Epinasty produced by ethylene and motor exhaust gases on Alaska peas. 
No. 1. Control (several peas bent over by their own 
weight after removing from test drum). 

No. 2. 0.25 p.p.m. ethylene 
No. 3. 0.5 p.p.m. ethylene 
No. 4. 118 p.p.m. motor exhaust 

No. 5. 400 p.p.m. motor exhaust 

No. 6. 800 p.p.m. motor exhaust 

No. 7. 2000 p.p.m. motor exhaust 
No. 8. 4000 p.p.m. motor exhaust 
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peas in drums nos. 5, 6, 7, and 8 showed progressively less plant growth. 
No. 8 showed almost no growth at all. The last four showed considerable 
swelling or enlargement of the stems. 

From these results it appears that no. 4, with 120 p.p.m. of motor exhaust 
gas, was affected slightly less than no. 2 with 0.25 p.p.m. of ethylene. No. 5, 
with 400 p.p.m. of exhaust gas, was affected much more than no. 3 with 
0.5 p.p.m. of ethylene. It would appear that drum no. 5 has about twice as 
high a concentration of ethylene as no. 3. 

If we consider that no. 4 with 25 ml. of motor exhaust gas is the equiva¬ 
lent of no. 2 with 0.05 ml. of ethylene and that no. 5 has twice the ethylene 
equivalent of no. 3 we can calculate the ethylene equivalent of the motor 
fumes as follows : 

0.05 ml. ethylene = 25 ml. motor exhaust gas. 

1 ml. ethylene = 500 ml. motor exhaust gas. 

2000 ml. ethylene = 1,000,000 ml. motor exhaust gas or 2000 p.p.m. 

The peas in no. 4 did not bend as sharply, and they grew a little longer 
than those in no. 2, indicating that the ethylene equivalent in no. 4 was not 
quite as great as that of no. 2. The ethylene equivalent of the motor gas 
in barrel no. 4 was probably more nearly equal to 0.04 ml. of ethylene; and 
assuming that the ethylene quivalent of the exhaust gas in the air in barrel 
no. 4 was equal to 0.04 ml. ethylene, then the exhaust gas has an ethylene 
equivalent of 1600 p.p.m. instead of 2000 p.p.m. The ethylene equivalent 
of the motor gas is then in the range of 1600 to 2000 p.p.m. 

It was found that the car gave off 529 liters of exhaust gas per minute 

when idling. If this gas has an ethylene equivalent of 1800 p.p.m., then 

529,000 ml. . , , . ~ 

77 7 .,.; - x 100 - 9o2 ml. per minute or ethylene equivalent are given off 
1 'UUU'UUU 

by the car. 

Relation of epinasty to lemon coloring 

Another experiment was set up in which 12 green lemons were placed in 
each of the 8 drums. The fruit for this test was selected as carefully as 
possible to get the same color, size, and type of lemons. The same amounts 
of ethylene and motor exhaust fumes were used as for the peas in the pre¬ 
vious experiment. The lemons were left 10 days at 76° F. and then the 
drums were opened and the lemons examined for color. 

The control fruit in no. 1 had colored very little. 

The fruit in no. 2 was noticeably more colored than the control. 

The fruit in no. 3 was not noticeably different from no. 2. 

The fruit in no. 4 was slightly less colored than that in nos. 2 and 3. 

The fruit in nos. 5, 6. 7, and 8 were progressively more colored, no. 8 
almost fully colored. 

These results indicate that the exhaust gases and ethylene are as effective 
in coloring lemons as they are in producing epinasty. 

Another set of tests was run using different concentrations of ethylene. 
These data are given in table II. 
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TABLE II 


Drum no. 

Ethylene 

CONCENTRATION 

p.p.m. 

Effect after 14 days 

1 

Control 

2 

None 

1 part to 40 million 

0.025 

Slight change in color 

No noticeable difference from control 

3 

1 part to 20 million 

0.05 

A little more color than control 

4 

1 part to 10 million 

0.1 

Slightly more color than in no. 3 

5 

1 part to 5 million 

0.2 

Quite well colored 

6 

1 part to 2.5 million 

0.4 

Almost fully colored 

7 

1 part to 1 million 

1.0 

Almost fully colored 

8 

1 part to 0.5 million 

2.0 

Almost fully colored 


These data cover a range of concentrations much lower than those used 
previously but the fruit were left in for a longer time. There was no 
noticeable effect in 14 days by concentrations of less than 1 part in 20 million. 
Figure 3 shows the effect of a similar range of concentrations of ethylene 



Fig. 3. Epinasty produced by different concentrations of ethylene on Alaska pea 
seedlings. 

on peas under the same conditions as those used on the fruit. Table II and 
figure 3 show that there is a very close correlation between the concentrations 
necessary to cause bending in peas and coloring of lemons. Any ethylene 
concentration which is strong enough to cause epinasty or bending of the 
peas will cause an appreciable increase in the rate of coloring and maturing 
of lemons. 

Ethylene equivalent content of lemon storage rooms 

More or less green mold decay always develops among lemons during the 
storage season. We questioned whether the ethylene given off by this decay 
might be an important factor in the premature coloring and maturing of 
the fruit; also whether the exhaust gases given off by cars and trucks and 
entering the storage rooms through fresh air intakes might have that effect. 

Since the storage roOtes are kept at a temperature of 55-60° F. it was 
necessary in order to run the epinasty test to devise some means of main¬ 
taining the. peas in the storage room atmosphere and at the same time to 
keep them dark and at a temperature of about 76° F. These requirements 
were met by making a container consisting of a can 6" in diameter and 11" 
high with a maze effect at the bottom and in the cover so that the air could 
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come in around the bottom and go out at the top. This can was then 
equipped with a heater consisting of 2 10-watt intermediate base electric 
lights connected in series. Each light was covered with a collapsible metal 
tube to keep all light from the pea plants. This heater was placed in the 
bottom of the container and covered first by a piece of asbestos then by a 
small metal stand. On the stand was placed a can of peas previously grown 
in the can of peat moss and sand until 1 to 2 in. tall. The heater (shown 
in fig. 4) maintains the peas at very nearly an even temperature as long as 
the room temperature and air movement are the same. Different size lamps 
may be used in storages operated at other temperatures or thermostats may 
be employed. 

This method of testing storage room air for the presence of ethylene 
appears to be quite satisfactory as a commercial method and is more accurate 



Fi(i. 4. Electrically heated dark chamber for growing peas in storage rooms. 

than any of the usual chemical test methods. Peas can be grown continu¬ 
ously in the storage room; when one set is removed others are put in their 
place. Figure 5 shows pictures of peas grown in different lemon rooms. 

Since figure 3 shows the effects of different known concentrations of 
ethylene, it can be used as a guide in estimating the concentration of ethylene 
in storage rooms. 

The ethylene concentration of storage rooms may vary a great deal, 
depending on the amount of fresh air being brought in; the amount of fresh 
air brought in depending to a large extent upon the temperature and humid¬ 
ity outside as well as the refrigerating capacity available. 

Ethylene equivalent produced by decaying lemons 

The rate of production of ethylene from one decaying lemon was roughly 
estimated by running air at the rate of 20 liters per hour through a jar con¬ 
taining a lemon decaying with Penicillmm digitatum then through another 
jar containing a can of the pea seedlings. The effect on the peas indicates 
a concentration of ethylene of about 1 part to 7 or 8 million parts of air. 
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This means that enough ethylene or its equivalent is added to 20 liters of 
air flowing through the jars per hour to equal a concentration of 1 part 

ethylene in about 7.5 million parts of air or - * x 20 liters per hour or 

7,DUU,UUU 

7 500 000 literS per day ‘ This is equal t0 0 064 ml - of ethylene per day or 



Pig. 5. Epinasty effects obtained on pea seedlings by ethylene in three different 
lemon storage rooms. 


about 1 ml. in 15 days, ’fliiile it has not been determined over how long a 
time this continues, it is considered probable that not much ethylene is given 
off after 15 days as the fruit is quite well decayed by that time. 

Significance of ethylene in a storage room 
Shepherd (3) have shown that lemons give off C0 2 at the rate 


Biale and 
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of 7 to 8 mg. per kilo of fruit per hour at 58° P. or an average of 180 mg. 
of C0 2 per kilo of fruit per day. 

The work of Green et al. ( 8 ) shows that the heat given off by fruit and 
vegetables is in direct proportion to the C0 2 given off. They also found that 
within the limits of experimental error this relationship is the same as that 
for the combustion of sugar. The heat of combustion of sugar is 673,000 
calories per mole, and since 1 mole of sugar gives off 6 moles of C0 2 , one mg. 
of C0 2 is equal to 2.54 calories. 

If, as Biale has shown, a kilogram of lemons give off 180 mg. of C0 2 per 
day, then they also give off 180 x 2.54 calories or 457 calories of heat. One 
pound of lemons would give off 207 calories per day. 

One car of lemons in storage contains 655 boxes of 50 lb. each or about 
32,750 lb. Then 32,750 lb. x 207 or 6,779,250 calories of heat are given off 
per car per (lay at 59° P. Since 6,779,250 calories is the heat required to 
melt 187 lb. of ice, every 10.7 cars of stored fruit will require one ton of ice 
every 24 hours to remove the heat given off by the normal respiration. 

Biale and Shepherd (3) have shown that the respiration rate of normal 
lemons is approximately doubled by the respiratory gases given off by one 
lemon decaying with Penicillium digitatum when these gases are mixed with 
air and passed over the fruit at the rate of 3.6 liters per minute, a rate more 
than adequate to supply the oxygen for respiration of the fruit involved. 

If it is assumed that this approaches a condition equal to that obtained 
for 1 per cent, green mold decay in a lemon storage room, then one additional 
ton of ice is going to be required by each 10.7 cars of lemons stored under 
these conditions. 


Discussion 

While the epinasty test has been known to be an indicator of the presence 
of ethylene, to the author’s knowledge it has not been used to any extent 
commercially. Records of the California Fruit Growers Exchange indicate 
that the idea of using epinasty of tomatoes to measure ethylene in lemon 
storages existed as long as ten years ago. No way of growing tomato plants 
successfully in the low temperatures of the lemon storage was available at 
that time. In the present investigations it has served admirably as an 
accurate and simple test for ethylene. 

One of the questions which will no doubt arise in the reader’s mind is 
whether the carbon monoxide or some other of the automobile gases may 
not be responsible for the epinasty observed in experiments with these gases. 
Crocker, Zimmerman and Hitchcock (4) tested 38 different gases but 
found only five which produced epinastic effects and the minimum effective 
concentrations of those gases were as follows: 

Ethylene. 0.2 p.p.m. in air 

Acetylene . 250.0 p.p.m. in air 

Propylene. 1000.0 p.p.m. in air 

Carbon monoxide. 5000.0 p.p.m. in air 
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Butylene is not listed as affecting peas but is given as ; 


as effective 


500,000 

as ethylene on tomatoes. 

If there were as much acetylene as ethylene in the automobile exhaust 
gases it would be responsible for only or about one-twelfth of one per 

1 aOU 


cent, of the effect. Kober and Hayhurst (13) list motor exhaust gases as 
containing about 9.3 per cent, carbon monoxide. This would be about 
93,000 p.p.m. or about 52 times as much as ethylene; but since ethylene is 
25,000 times as effective in producing epinasty, only about 0.2 of one per 
cent, of the effect would be due to carbon monoxide. It therefore becomes 
evident that carbon monoxide is of little consequence as compared to the 
ethylene in the automobile fumes. 

The epinasty test for ethylene content in commercial storage rooms re¬ 
ported here is very simple and easily cared for after it is set up. It requires 
no technical skill except as is required to estimate the extent of epinasty in 
the pea plants in storage as compared with those kept as controls. In some 
locations in urban or other heavy traffic areas it may be difficult at times to 
find places to keep the control plants where they are not affected. 

Two or three hours a week of a man’s time is sufficient to keep tests going 
under most storage conditions. 


Summary 

1. This paper describes methods of using the epinasty reaction of pea 
seedlings for measuring small concentrations of ethylene in the exhaust 
fumes of automobile and in fruit storage rooms. 

2. Data indicate a close relationship between the quantity of ethylene 
necessary to color lemons and that necessary to cause epinasty to pea seed¬ 
lings. 

3. The concentration of ethylene necessary to cause noticeable epinasty 
or lemon coloring has been found to be between 0.025 p.p.m. (1 part ethylene 
in 40 million) and 0.05 p.p.m. (1 part in 20 million) of air. 

California Fruit Growers Exchange 
Ontario, California 
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KESPIRATION OF MOSAIC-INFECTED TOBACCO PLANTS 

F . Lyle Wynd 
(with one figure) 

There has been reported in the literature a number of attempts to observe 
in vitro the respiration of virus preparations in an effort to detect direct 
evidence of a valid metabolic activity. Eaton (10) studied manometrieally 
the respiration of cultures of Staphylococcus lysed by bacteriophage and 
found a detectable amount of oxygen absorption and carbon dioxide pro¬ 
duction. On the other hand, Bronfenbrenner (2, 3) Bronfenbrenner and 
Reichert (4), Bachmann and Wohfiel (1), Wohfiel (19), Parker and 
Smythe (15), and Wynd and Bronfenbrenner (21), using several types 
of extraordinarily sensitive procedures, were unable to observe any evidence 
of a respiratory metabolism by preparations of bacteriophage. Pirie and 
Holmes (16) reported that Agalactia virus absorbed large amounts of 
oxygen when suspended in a saline solution containing lactate, and these 
authors believed, therefore, that virus particles were living organisms. 

The respiratory rates of green plants infected with virus have also re¬ 
ceived a considerable amount of study. Bunzel (5) remarked that sugar 
beets stunted by the Curly-top disease suffered from a “fever.” Later (6) 
he stated that a respiratory study of these “feverish” plants would be highly 
desirable in the effort to interpret the more exact nature of the disturbances 
which the disease produced. Thung (18) reported that potatoes infected 
with leaf-roll eliminated more carbon dioxide than healthy tissue, although 
a study of his data shows that this was not always true. Dunlap (9) studied 
the rates of carbon dioxide production of a number of species and found 
that the virus-affected plants exhibited an increased respiration in their 
younger tissues and a decreased rate in the older tissues. He observed the 
mosaic leaves of tobacco, tomato, pokeweed (Phytolacca dccandra ), cu¬ 
cumber, and raspberry, and yellows-affected leaves of peach, plum, aster, 
and ragweed (Ambrosia). The conclusions of Dunlap (9) were criticized 
by Caldwell (7) because the data were obtained from tissues respiring in 
an atmosphere of reduced oxygen content. Further, he doubted if efficient 
absorption of carbon dioxide was obtained under the condition of the experi¬ 
ment. He also believed that the period of the observation was too short. 
Caldwell collected in barium hydroxide the carbon dioxide produced and 
titrated the remaining alkali after 48 hours. He found an increased carbon 
dioxide production by virus-infected tomato plants. Lemmon (14) made 
an extensive study of the comparative rates of metabolism of healthy and 
mosaic-infected tobacco leaves and found that the diseased leaves always 
had a lower respiratory rate than normal leaves. His data were expressed 
in terms of the fresh weight of excised discs of tissue. He further observed 
that discs of healthy tissue weighed only 85 per cent, as much as did the 
equal discs of diseased tissue. 

*10 
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The present work on the respiratory rates of healthy and mosaic-affected 
tobacco leaves was undertaken in an effort to explain the conflicting data 
on the respiration rates of virus-infected green plants, and to accumulate 
evidence on the nature of the substance responsible for the tobacco mosaic 
disease. 


Procedure 

Seeds of Burley tobacco were germinated in the greenhouse and trans¬ 
planted into two-inch pots as soon as the plants were large anough to handle. 
As growth progressed they were transplanted into four-inch and finally 
into eight-inch pots. A great many more plants were grown than were 
needed for the experimental work in order that plants identical in appear¬ 
ance could be selected at the proper time. The plants were large enough 
for study by the first of May, nine weeks from the time of planting. When 
the plants had five well-developed leaves, the two lower leaves were removed, 
the lowest remaining leaf dsignated as number 1, and the higher leaves 
numbered consecutively. Several new leaves appeared during the course 
of the observations, and they were designated by consecutively higher num¬ 
bers as soon as they reached a size large enough to be included in the experi¬ 
mental material. 

A virus preparation was made by grinding the upper leaves of severely 
infected plants and squeezing the juice through cheesecloth. Inoculations 
were made by dipping a small pad of cheesecloth into this juice and gently 
rubbing the surface of the leaf. In all cases, only leaf 1 received the inocu¬ 
lation. At intervals of two or three days, three control plants and three 
inoculated plants were removed to the laboratory for study. 

The rate of oxygen use was determined on a composite sample obtained 
by cutting three discs from each leaf, equally numbered from each of the 
three plants. The data therefore represent the total oxygen use of nine 
discs, three from a leaf of comparable age from each of three plants. 
The discs were cut by a sharp cork borer ten millimeters in diameter. 
Their oxygen consumption was determined at 25° C. by the Barcroft differ¬ 
ential manometers. Since the data of Lemmon show that healthy discs 
weighed only 85 per cent, as much as those of diseased tissue, it is seen that 
the present procedure of comparing tissue samples having an equal area 
gives differences varying somewhat in magnitude from those which would 
have been obtained if equal weights had been used. Both of these methods 
of comparison are subject to error since neither the weight nor the area of 
tissue samples strictly represents the absolute amount of living protoplasm. 

After the discs were removed from the leaf, the remaining tissue was 
finely ground in a mortar with purified quartz sand and the juice extracted 
by squeezing the pulp through several thicknesses of cheesecloth. Tests for 
the presence of the virus were made by the inoculation of young tobacco 
plants with this juice. Holmes (11) has correctly pointed out that the 
inoculation of the press juice detects only an infectious concentration of 



92 


PLANT PHYSIOLOGY 


the virus, and not necessarily its first appearance. Determinations of re¬ 
ducing sugar, invertase, oxygenase, peroxidase, and catalase were also made 
on each of these juice samples and these data have been reported in a 
previous paper ( 20 ). 

Experimental data 

Examination of the data presented in table I shows the time necessary 
for the appearance of infectivity in various leaves of the plant after the 
inoculation of the lower leaf (number 1). Leaf 1 was infectious from the 
beginning of the experiment, as could be expected, since it received the 
inoculation. The virus left on the surface from the inoculation itself could 
have caused infection in this instance. Leaves 2 and 3 became infectious on 
the fourteenth day, leaf 4 on the eighth day. Leaves 5 and 6 were not yet 
present when the inoculation occurred, yet they appear to be among the 

TABLE I 


The time necessary tor the appearance of virus in various leaves of tobacco plants 

AFTER INOCULATION OF LEAF 1 (THE LOWEST) WITH VIRUS +, VIRUS PRESENT; 

VIRUS ABSENT; 0, LEAF NOT YET PRESENT 


Days after 

INOCULATION 

Leaf 1 

Leaf 2 

Leaf 3 

Leaf 4 

Leaf 5 

Leaf 6 

2 

4 - 

- 

- 

- 

0 

0 

4 

4 - 

- 

! 

- 

0 

0 

6 

+ 

i-* 

- 

- 

1 

4 - 

0 

8 

+ 

- 

- 

4 - 

- 

- 

11 

4 - 

- 

- 

4 - 

+ | 


14 

4 - 

+ 

+ 

+ 

1 

4 

16 

+ 

+ 

+ 

4 

~ 

4 - 

18 

4 - 

+ 

4 - 

1 + 

f 1 

4 - 

21 

4 - 

4 - 

4 

4 


4 - 


* This appears to have been due to the use of an infected plant since 8 days elapsed 
before the second leaf became infectious in all other experiments. 


first tissues to become infectious. It seems probable that the upper tissues 
were the first to become infectious by means of newly formed virus material, 
even though the lowest leaf had received the inoculation. Under the grow¬ 
ing conditions of the present experiments, the entire plant became infectious 
at about the fourteenth day. The duration of this period would vary with 
the growing conditions, and with the age and vitality of the plant. 

The cubic millimeters of oxygen used by leaves from normal and from 
inoculated plants are presented in table II. These rates of oxygen use by 
leaves from inoculated plants, calculated as the percentage of the use by 
leaves of similar age from normal plants, are presented in table III. It is 
difficult to obtain exactly equal samples of leaf tissue by the method de¬ 
scribed above/ For instance, younger leaves differing only slightly in their 
stage of development may vary greatly in the extent of their rolling and 
evenness of their surfaces, and since equal areas are used as the basis for 



TABLE II 

The use of oxygen in cubic millimeters by nine excised discs FROM LEWES of normal vnd inoculated tobvcco plants. N, leaves 

FROM NORM 4L PL XNTS ; IN, LEWES FROM INOCULATED PLANTS 
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TABLE III 

The use of oxygen during the time indicated by leaves from inoculated tobacco 

PLANTS CALCULATED AS PERCENTAGE OF THE OXYGEN USE BY LEAVES 
FROM THE NORMAL PLANTS 


Days 

AFTER 

Oxygen use in 15 minutes 

Oxygen use in 30 minutes 

INOCU¬ 

LATION 

Leaf 1 

Leaf 2 

Leaf 3 

Leaf 6 

Leaf 1 

Leaf 2 

Leaf 3 

Leaf 6 


% 

% 

% 

% 

% 

% 

% 

% 

2 

99.3 

127.6 

92.7 


105.3 

125.7 

97.3 


4 

132.9 


120.6 


137.5 


116.5 


6 

124.6 

113.0 

96.0 

*■ 

118.3 

113.5 

86.4 


8 

100.0 

84.4 

91.7 


93.5 

86.3 

91.3 


11 

116.7 

83.3 


90.8 

107.9 

92.8 


96.5 

14 

131.8 

76.8 


89.3 

117.8 

78.7 


85.7 

16 

103.9 

91.5 


44.8 

105.0 

93.8 


49.3 

18 

69.3 

75.9 


101.3 

78.4 

86.0 


99.7 

21 

97.7 

87.5 


71.9 

103.0 

92.5 


75.6 


Oxygen use in 45 minutes 

Oxygen use in 60 minutes 

2 

103.8 

121.4 

99.0 


102.5 

119.8 

97.9 


4 

137.7 


116.5 






6 

121.5 

113.8 

87.3 


117.6 

110.5 

86.4 


8 

94.3 

88.5 

94.4 


91.4 

88.3 

94.9 


11 

93.5 

93.4 


97.3 

104.2 

98.4 


97.4 

14 

107.5 

87.5 


87.9 

103.8 

90.8 


90.5 

16 

106.5 

99.2 


50.9 

104.5 

105.0 


58.3 

18 

81.7 

87.5 

_ 

100.7 

83.7 

82.3 


99.7 

21 

102.6 

92.3 


.77.0 

100.9 

93.5 


77.7 


comparison, erroneous results are sometimes obtained. Therefore, the data 
are presented in considerable detail, so that the reader may judge the valid¬ 
ity of the conclusions presented below. 

A survey of the data shows the following relationships to exist. At the 
time the experiment was begun, there were three leaves large enough for 
study. On the second day after inoculation of leaf 1 (the lower), none of 
the leaves showed any significant change in the rate of oxygen use as com¬ 
pared to the rates of leaves from normal plants. An exception in the case 
of leaf 2 is probably an error because the observed rate of leaf 2 from nor¬ 
mal plants used for comparison was too low. From table II, it is seen that 
leaf 2 of normal plants has a value of only 8.7, although it is obvious that 
it should have been about 11.0. This is a reasonable assumption because the 
data presented in the present paper and certain other data obtained in the 
writer’s laboratory indicate that the rate of oxygen use increases progres¬ 
sively in leaves from the upper portion of the tobacco plant. 

On the fourth day after inoculation, all three leaves showed an abrupt 
increase in oxygen use. From figure 1 it is seen that leaf 1 showed the 
greatest increase, and that this increase was progressively less in the upper 
leaves. On the sixth day, this increase was yet apparent, although it had 
diminished in magnitude. By the eighth day, however, the leaves from the 
inoculated plants were either less than those of normal plants, or were ap- 
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proaching the control value. In view of subsequent determinations, pre¬ 
sented in table I, it is possible that these values are too low. However, the 
fact that each determination was made on a composite sample from three 
plants indicated that the lessened rate was approximately that of its ob¬ 
served value. After the eleventh day, the respiration rates became progres¬ 
sively less, although these rates of diminution became less rapid with time. 
This lessened rate could not have been due to a mere advance in maturity 
since leaf 6 also had a lessened rate even though it was the youngest leaf. 

Six manometers were available which permitted the comparison of only 
three sets of leaves. By the eleventh day, two additional leaves, numbered 
5 and 6 respectively, were large enough for study, and since the terminal 




Fig. 1. The oxygen consumption of 9 discs of tissue excised from the leaves of 
tobacco plants inoculated with mosaic virus. The ordinates represent the data in terms 
of percentage of the oxygen use by discs from normal leaves of similar age. The abscissae 
represent the days elapsed since inoculation. 


part of the plant is apparently especially concerned with the production of 
virus, the observations on the originally terminal leaf 3 were discontinued 
in favor of leaf 6. Even before leaf 6 appeared, infected plants exhibited 
a generally lessened respiration rate and this characteristic occurs from the 
very beginning in the newly formed leaves. It is interesting to note that 
the rates of oxygen use by leaf 6 appear to fall on the latter part of the 
curve typical for the older leaves which were on the plant from the time of 
inoculation. 

A comparison of respiratory rates presented in figure 1 with the data in 
table I shows that the times necessary for the appearance of infectivity in 
the various leaves are not at all related to the periods of disturbed metab¬ 
olism indicated by the increased rate of oxygen use. The peak of the dis¬ 
turbed oxygen use occurred at about the fourth day for all leaves . At this 
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time, leaf 1 contained the virus, since it had received the inoculation, but 
the upper leaves had not yet developed the power to infect young normal 
plants. Unfortunately, the lack of equipment prevented a study of the oxy¬ 
gen consumption in all leaves, and consequently, the rates of leaves 4 and 5 
are unknown. 

The curves showing the amount of oxygen used in 60 minutes are prob¬ 
ably the most authentic since the magnitude of the manometer reading was 
greater. This set of figures shows that the inoculated lower leaf regained 
an approximately normal rate of respiration after the eleventh day, even 
though it contained the active virus., Leaf 2, at about the same time, had 
assumed a rate less than normal. The study of leaf 3 was discontinued on 
the eighth day in favor of leaf 6, and this later leaf assumed a rate of respi¬ 
ration lower than any other. The magnitude of this decrease in rate is 
progressively greater in the younger leaves. 

Discussion 

It has been shown by Holmes (11, 12, 13) and Samuel (17) and by the 
review by Crafts (8) that the virus spreads from the point of infection by 
a comparatively slow movement from cell to cell. After three or four days, 
the phloem is invaded and then in a remarkably short time the virus reaches 
other parts of the plant. It is this period of dispersal through the phloem 
tissue that seems to coincide with the sudden disturbance of the respiratory 
metabolism. 

This disturbance preceded by about ten days the appearance of the virus 
in infectious concentration throughout the plant. Although the initial dis¬ 
turbance in metabolism occurred simultaneously in all leaves, the newly 
formed virus attained infectious concentration first in the upper leaves. 
These also are the leaves having the greater metabolic activity. 

If the physiological disturbances indicated by the change in the rates 
of oxygen use were manifestations of the activity of the virus particles per 
se, then these changes should accompany the increase in the number of these 
particles. On the other hand, if the mosaic disease is caused by some chem¬ 
ical product of abnormal metabolism, which like the bacteriophage, could 
itself initiate a series of reactions which would produce new virus material 
during some subsequent process, one might then expect to detect a disturbed 
metabolism before the appearance of any considerable amount of new virus 
substance. Although observations of the latter type do not demonstrate 
conclush|i|f the validity of such an inference, they do indicate that the 
inereanppkte of respiration could not be due to the metabolism of the virus 
particl^pthemselves. 

It is apparent that the data on the respjjation of mosaic infected plants 
published "by Dunlap and by Lemmon are not necessarily contradictory 
sinee diseased plants have either an increased or decreased rate depending 
on the time which has elapsed since infection. 
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y Summary 

1. The rate of oxygen use by leaves from mosaic-affected tobacco plants 
is greatly increased by the fourth day after a lower leaf was inoculated. 

2. The period of stimulated oxygen use precedes by approximately ten 
days the general appearance of the mosaic agent in infectious concentration. 

3. Although the disturbed metabolism indicated by the increased rate of 
oxygen use occurs simultaneously throughout the plant, the appearance of 
infectious concentration of new virus material occurs first in the upper 
leaves, excepting, of course, the leaf which had received the inoculation. 
These leaves have a higher initial rate of metabolism. 

4. By the time infectious concentrations of virus appear in the upper 
leaves, the rates of oxygen use by these leaves are always less than that of 
normal leaves. 

5. Since infectious material appears only subsequent to a disturbed 
metabolism, it is probable that the observed metabolic changes are cellular 
in nature and do not depend on any metabolic activity of the virus material. 

The writer wishes to thank Mr. Dalibor Bubenicek for his assistance in 
obtaining some of the manometric data and also Mr. Glenn Ray Noggle for 
preparing the graphs for publication. 

University of Illinois 
Urbana, Illinois 
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RIDGES AND SECTORS INDUCED IN THE RIND OF CITRUS 
FRUITS BY FUMIGATION WTH HYDROCYANIC ACID 1 

Walton B. Sinclair and David L. Lindgren 
(with four figures) 

The fumigation of citrus trees with hydrocyanic acid (HCN) for pest 
control, at certain times of year and under certain environmental conditions, 
produces irregular and excessive growth of the outer peel (flavedo) of the 
fruit (3). This abnormality is commonly known as “ridging ’’ or “cox- 
combing.” That ridging occurs in some groves to a greater extent than in 
others has been generally recognized, but growers and field men have until 
recently been unable to trace the cause. 

In some fruits, the growth may appear as a single smooth ridge in the 
form of a longitudinal sector; other fruits may have several longitudinal 
sectors of equal or unequal width (fig. 1). The amount of ridging varies 
considerably. The ridges may extend the full length of the fruit, from the 
calyx to the stylar end, or they may be small and irregularly placed over 
the entire fruit surface. 

Deformations or variations on fruit surfaces occur naturally, to a limited 
degree, as bud variants in all varieties of citrus (2). Shamel and his co¬ 
workers ( 4 ) have studied these bud variations intensively from a commercial 
standpoint, identifying them largely by their appearance on the fruit. 
They have shown that individual fruit variations from limbs on given trees 
can be transmitted by means of bud propagation. They state: “The de¬ 
gree of inherent stability of the progenies has been found to be about the 
same as the condition of uniformity in the characteristics of the parent bud 
variations. If the fruit or foliage of these limb or tree variations was uni¬ 
form their progenies have been found to be uniform; on the other hand, if 
there was a marked variability of the fruit or leaves in the parent limb 
variations the progenies have usually been relatively variable.” 

The purpose of this paper is to show that certain individual fruit vari¬ 
ations, similar to those ordinarily transmitted and produced by means of 
bud propagation, can, under certain conditions, be induced by fumigation 
with HCN. 

It was decided to determine the amount of ridging on the fruit of trees 
fumigated at different seasons of the year. Groves in which some trees 
could be fumigated at various times of year and others, to serve as controls, 
could go without fumigation, were selected for this investigation. As 
citrus is grown in southern California in both coastal and inland districts, 
experimental plots were located in commercial groves in both of these areas. 
For more than two years, extensive counts of the ridged fruits in the dif¬ 
ferent groves were made. The results of the experiments, showing the 

i Paper no. 470, University of California Citrus Experiment Station, Riverside, 
California. 
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relation between the time of year of the fumigation and the amount of sectors 
and ridges formed on the fruits, are of sufficient interest and importance to 
warrant publication at this time. 

Experimental procedure 

In southern California, citrus trees are fumigated with HCN for pest 
control from mid-July to early spring, a period of approximately eight 
months in which commercial fumigators can operate. During the months 
of May, June, and part of July fumigation is discontinued as fruits are then 
more susceptible to injury than at other times of year. For a short period 
in the fall, also, usually in October,' the trees are rather susceptible and 
fumigation is suspended. The data reported herein were obtained from 



Fig, 1. Ridged Valencia oranges and a normal fruit from trees which had 31.4 per 
cent, of their fruits affected (Grove 2, table I). 


trees fumigated in November, December, January, and February, prelim¬ 
inary experiments having indicated that trees fumigated during January 
and February were the ones on which ridging of the fruits was most likely 
to occur. 

The experiments were so planned that the fumigated trees were scat¬ 
tered throughout the plots. (Figure 2 illustrates the type of plot design.) 
Fumigation of certain trees in this manner is commonly referred to in fumi¬ 
gation practice as 4 4 spot fumigation/ ’ in contrast with the usual method, 
in whfdfa all the trees of an orchard are fumigated. A distinct advantage in 
fumigating scattered trees is that untreated trees (controls) are in close 
proximity to adjacent treated trees and receive similar cultural treatment. 
This condition partially equalizes any possible effects on ridging due to 
variations in soil, fertilization, irrigation, etc. The concentration of HCN 
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used in each fumigation varied from 20 ml. to 28 ml. per unit. A unit in 
citrus fumigation is approximately 100 cu. ft. for the average-sized tree. 

The amount of fruit that was ridged was determined by counting 200 
fruits, at random, around each of the trees, on inside and outside positions, 
and recording the number affected. The percentages were calculated on 
a basis of 200 fruits per tree. 
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Fig. 2. Diagram of an experimental plot, showing location of trees fumigated at 
different times of year. 


Results 

The results shown in table I are typical of those obtained in this investi¬ 
gation. Data are reported for navel and Valencia oranges, grapefruit, and 
lemons and are so arranged that the average percentages of ridged fruits 
on trees receiving the different treatments in each grove can be compared. 
As each grove represents a different experiment in a different location, a 
brief description of the results in each grove is given. 

Some very interesting comparisons can be made from the data reported 
from grove 1 (table I). Only a small percentage (0.1 per cent.) of the fruits 
counted on the unfumigated trees (controls) were ridged. Of fruits 
counted December 11, 1940, on 24 trees fumigated February 24, 1940, an 
average of 36 per cent, had ridges and sectors. Counts of fruits were also 
made December 11, 1940, on 18 trees that had been fumigated November 27, 
1939. The average amount of ridged fruits on these trees was the same as 
that on the controls (0.1 per cent.). But when 13 trees that had been 
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* A unit in citrus fumigation is approximately 100 cu. ft. for the average-sized tree, 
t Percentages based on counts, at random, of 200 fruits per tree. 

t These trees were fumigated twice, once on Nov. 27, 1939, and again on Feb. 24, 1940. 
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fumigated on November 27,1939, were fumigated a second time, on February 
24, 1940, the percentage of ridged fruits produced was 36.6. These experi¬ 
mental data therefore demonstrate that navel orange trees can be fumigated 
in November without increasing the amount of ridged fruit. 

Grove 2 consisted of both navel and Valencia orange varieties, planted 
alternately in the rows. Six trees served as controls for the navel plot, and 
8 trees served as controls for the Valencia plot. Each of the control plots 
contained 0.1 per cent, ridged fruits. In the navel plot, two sets of 8 
trees each were fumigated, one on December 14, 1939, and the other, Feb¬ 
ruary 21, 1940. In the Valencia plot, 7 trees were fumigated December 14, 
1939, and 8 trees were fumigated February 21, 1940. In the two groups of 
trees that were fumigated December 14, 1939, the navels had 0.8 per cent, 
and the Valencias 0.2 per cent, ridged fruits. In the two groups of trees 
that were fumigated February 21, 1940, the navels had 24.3 per cent, and 
the Valencias 31.4 per cent, ridged fruits. In this particular grove, it can 
be seen that the ridging of the fruit on the trees fumigated in February 
was vastly significant, whereas the ridging of the fruit on the trees fumi¬ 
gated in December was of the same order of magnitude as that of the 
controls. 

The trees in grove 3 were fumigated February 4, 1941, and the fruit was 
counted for the amount of ridging on August 14, 1941. As these trees were 
of the navel variety, the size of the fruit at the date of counting ranged 
from J to 1 inch in diameter. The fumigated trees showed an average of 
28.3 per cent, of ridged fruit, while the control trees showed none at all. 

Some experimental data were obtained from grapefruit trees (grove 4) 
fumigated February 16, 1940. The mean percentage of ridged fruit on 25 
fumigated trees was 22.1, and the mean percentage of ridged fruit on the 
21 control trees was 0.2. 

Lemon trees (grove 5) that were fumigated February 26, 1940, fruits of 
which were counted on March 11, 1941, showed 40.1 per cent, ridged fruits. 
The untreated trees in this grove had 0.2 per cent, of their fruits affected. 

Discussion 

The data of table I show that fumigation of citrus trees with HCN, when 
the fruit was in a certain stage of bud development, resulted in the forma¬ 
tion of sectors and ridges in the outer peel of the fruits of navel and 
Valencia orange, grapefruit, and lemon varieties. The time of year in 
which ridging will occur varies somewhat with the different varieties of 
citrus. In the navel and Valencia orange and in the grapefruit varieties, 
the highest percentage of fruits affected was from the trees fumigated in 
the month of February, although in some groves extreme ridging of the 
fruits has been observed to occur on trees fumigated the latter part of 
January. Extensive field observations have shown that fruits from lemon 
trees become severely affected if the trees are fumigated any time from late 
January to April, inclusive. Fruit buds of lemon trees develop at different 
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times of year, but the largest setting of fruit occurs in the spring over a 
prolonged period. 

The ridging of citrus fruits may therefore be said to depend upon the 
stage of development of the fruit buds at the time the trees are fumigated. 
Variation in the time and rate of bud development in different groves and 
in different years indicates a certain variation in the time of year in which 
fumigation will cause the development of ridging in the fruit. 

The form of the rind thickenings is very suggestive of that found in the 
well-known sectorial chimeras which are frequent in citrus (2). It is pos¬ 
sible that the change caused by HCN often affects one or more cells in the 
developing ovary before cell division is ended. This change may be trans- 



Fig. 3. Ridges on small, immature navel oranges selected from trees which had 28.3 
per cent, of their fruits affected (Grove 3, table I). 

mitted in the process of mitotic cell division and result in the formation of 
sectors originating from one cell or from a relatively small number of 
cells. Whether rind thickening is due to an increase in cell number or in 
cell size has not been determined. It may be that HCN causes a genetic 
change, such as a doubling of the number of chromosomes. Sectors of 
modified ti^ue appear in plants after treatment with colchicine, owing to 
the presence of tetraploid sectors, as in Lilium (1). 

Just what effect climatic conditions have on the severity of the ridging 
of citrus fruits When fumigated with HCN is not known. It has been sug¬ 
gested by some workers that a warm, mild winter contributes to the ridging 
of fruits, but no experimental data are available on this point. Climatic 
andc seasonal changes undoubtedly affect the time and rhte of bud develop- 
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ment; but an important factor in producing this phenomenon in fruits 
appears to be the definite stage of bud development at the time of fumi¬ 
gation. If the trees are fumigated prior to or subsequent to this particular 
and definite stage in development of the bud, only the natural percentage 
( 0.1 to 1.5) of ridged fruits will result. According to our experimental 
results and field observations, HCN affects only the fruit that is in the bud 
stage of development at the time of fumigation; the fumigation of the trees 
after the fruit has formed does not increase the amount of ridged fruit. \ 
The effect of the HCN does not carry over to the following year. As 
an illustration, trees that were fumigated on February 26, 1940, had an 
average of 25 per cent, of ridged fruit for that crop. These trees were not 
fumigated in February, 1941, and the green fruit from the buds of the suc- 



jFig. 4. Cross sections of mature Valencia oranges, showing that the location of ridges 
on the fruit surface is in no way correlated with the arrangement of fruit segments. 


ceeding crop showed no ridging. Observations of this kind were made on 
many groves in which both crops of fruit, mature and immature (green), 
were on the trees at the same time. 

The appearance of ridges and sectors after fumigation is not correlated 
with size of the fruit. Ridging is about equally distributed, occurring on 
fruit of till sizes on the tree. In fact, the ridges appear on the very small, 
immature fruit (fig. 3) and they persist throughout its growth and matu¬ 
ration. This phenomenon appears to be confined solely to the outer peel, the 
flavedo (fig. 4). The physical appearance of the albedo, and of segments 
of affected fruit, is normal in every respect. The location of the ridges on 
the fruit surface is not in any way correlated with the arrangement of the 
segments inside the fruit (fig. 4). 
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Trees in a given grove, fumigated at the same time, varied as much as 
100 per cent, in the number of fruits having ridges and sectors. When the 
amount of affected fruit on the fumigated trees was compared with that on 
the controls, the least amount of ridged fruit on the fumigated trees was, 
in every instance, more than ten times the greatest amount on the control 
trees. In accord with such experimental results, it is reasonable to con¬ 
clude that the fumigated trees had a significantly greater amount of ridged 
fruits than the controls. 

Conclusions 

The fumigation of citrus trees, when the fruit buds are in a certain 
stage of development, induces ridges and sectors in the outer peel (flavedo) 
of the fruit. 

In the navel orange, Valencia orange, and grapefruit varieties, fumi¬ 
gation of trees in February produced the greatest amount of ridged fruits, 
but in some years, extreme ridging of the fruits occurred on trees fumigated 
the latter part of January. 

In the lemon variety, trees fumigated in February produced the highest 
percentages of fruits with ridges and sectors, but extensive field observations 
have shown that fruits of lemon trees fumigated from late January to April, 
inclusive, were severely affected. 

Variation in the time and rate of bud development of citrus trees in dif¬ 
ferent groves and in different years indicates a definite variation in the time 
of the year in which ridging will be produced in the fruit by fumigation. 
The development of ridges and sectors on citrus fruits depends mainly 
upon the stage of development of the buds at the time the trees are fumi¬ 
gated. 

University of California 

Citrus Experiment Station 
Riverside, California 
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OXIDATION-REDUCTION POTENTIALS OF THE TISSUE 
FLUID OF CABBAGE 1 

Ellis A i r o l a and John W. Crist 
(with two figures) 

Introduction 

It has been stated (2) “that oxidation-reduction systems play so intimate 
and so essential a part in living organisms that life itself may be defined as 
a continuous oxidation-reduction reaction.’’ 

Cannan (1), in 1926, investigated the electrode potentials of extracts 
obtained from the green shoots of Mercurialis perennis. Work of this kind, 
with higher plants—making use of the electrometric method—has not been 
extensive since the appearance of his publication. Additional effort in this 
field of investigation seemed to be warranted. 

Materials and methods 

The plant selected for use was cabbage (Brassica oleracea ), in three of 
its leading commercial varieties: Ferry’s Round Dutch, Large Wakefield, 
Early Jersey Wakefield. 

The seeds for each successive lot of plants were germinated in moist sand. 
The seedlings, after emergence of the first leaves, were transplanted to four- 
inch pots. The soil of the pots was a homogeneous mixture of two-thirds 
compost and one-third sand. The pots, while the plants grew to the size 
required for sampling, were kept buried in moist sand on a greenhouse bench, 
and the percentage of moisture in them held essentially constant and at the 
optimum for the plants’ need. 


Sampling 

When they had reached the desired size, the plants were cut off just above 
the soil surface; placed with their cut ends in water, and taken to the labora¬ 
tory, where the leaves were quickly removed. Selection was made only of 
whole, well or fully developed, leaves, exclusive of their petioles, for the 
extraction of the tissue fluid. The size of the sample approximated 20 
grams. 

Extraction 

The selected leaves were put at once into a beaker and covered with 
diethyl ether. The time for their plasmolysis was a period that ended just 
before the cell sap began to exude. This period was found to vary with the 
ages of the leaves, and, from preliminary tests, was observed to be around 
thirty seconds for the younger leaves and one minute for the older ones. 
The plasmolyzed leaves were removed from the beaker; allowed to dry off 
on paper toweling; were wrapped in a prepared canvas cloth; placed in a 
i Journal Article no. 593 (n.s.), Michigan Experiment Station. 
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nickel-plated brass cylinder; and extracted by means of an hydraulic press 
at a uniform pressure of 800 lb. per sq. in., with a uniform period of drain¬ 
age of 45 seconds. The cylinder was of such design that the expressed juice 
could be drawn off into a pipette as rapidly as it appeared. This reduced 
the possibility of its oxidation from exposure to the air. 

Instrumental measurements 

The pH of the extracted juice was determined immediately by means of 
a Cameron (glass electrode) hydrogen-ion meter. The sample was then 
transferred to the oxidation-reduction cell, containing a glass-tube inlet 
through which bubbling oxygen-free'nitrogen was admitted. Two platinum 
electrodes, in addition to the half-cell, dipped into the extract. 

Preliminary tests showed that the platinum electrodes required from 4 
to 6 minutes to come to equilibrium with the surrounding solution. This 
time was used to adjust the current of the amplifier (Leeds & Northrup, no. 
7673, Thermionic) and also that of the standard cell, in the potentiometric 
system, to zero. With these zero points attained, the B.M.F. leads from the 
half-cell and one of the platinum electrodes were connected through the 
amplifier and the first reading taken. A duplicated reading was then made 
with the second, instead of the first, electrode connected in the circuit. 
These two readings, which in nearly all instances were less than three milli¬ 
volts apart, were averaged. This average, after reference to a normal hydro¬ 
gen electrode, was taken to be the oxidation-reduction potential of the 
extract. 

Treatment of electrodes 

Several methods for cleaning and restoring the electrodes were tried. Of 
these the most satisfactory way proved to be their submersion in fusing 
potassium acid sulphate, from which they were afterwards dissolved free in 
distilled water, and then let stand in distilled water until the next set of 
measurements was to be made. 


Results 

Relationship between pH and Eh values 

Three separate sets of determinations, aimed to discover this relationship, 
were completed. The plants were of the Ferry Round Dutch variety and 
were respectively 43, 45, and 46 days old for the three tests. 

The manner of testing the extracted sample was first to determine its pH 
value, and then its Eh value. Following this, it was returned to the pH 
receptacle and the desired amount of 0.1 N HC1 added to it, whereupon its 
pH and Eh values were redetermined. This process was continued, with 
successive introductions of added amounts of the acid. The data appear 
in table I.‘ 

From inspection of table I the existence of a systematic relationship 
between pH and Eh seems to be evident. This relationship in the tests 
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TABLE I 

Effect of pH on Eh (in millivolts) of cell sap 


Test 1 

| Test 2 

Test 3 

pH 

Eh 

pH 

Eh 

pH 

Eh 

5.80* 

+ 453* 

5.78* 

+ 471* 

5.82* • 

+ 456* 

4.30 

+ 504 

4.30 

+ 520 

4.85 

+ 496 

3.70 

+ 527 

3.80 

+ 534 

4.53 

+ 504 

3.30 

+ 549 

3.40 

+ 548 

3.50 

+ 538 

2.30 

+ 587 

3.10 

+ 570 

3.08 

+ 555 

1.70 

+ 629 

2.50 

+ 581 

2.80 

+ 562 

1.45 

+ 660 

1.97 

+ 626 

2.35 

+ 610 

1.20 

+ 678 

1.60 

+ 662 

2.05 

+ 615 

. ... 


1.39 

+ 681 



. 


1.29 

+ 691 

. 



* Original extract. 


proved to be curvilinear in character. The curve of best fit in each test was 
parabolic in type. When the measurements of all three of the tests were 
combined, and plotted, the result shown in figure 1 was obtained. The equa¬ 
tion of the fitted curve is: Y = 799.96 - 103.761 X + 8.0937 X 2 . 


Leaf position and Eh values 

It became a matter of interest to determine whether or not the oxidation- 
reduction potentials of the tissue fluid varied significantly within the plant 



Fig. 1. Relationship between pH and Eh values of tissue fluid. 
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itself. Tests for this were made with respect to the positions of the leaves 
on the stem, for the Early Jersey Wakefield variety of cabbage. 

Three such tests were completed. The plants were respectively 42, 44, 
and 46 days old, and were in the stage of each having 8 or 9 leaves. In 
each case, 9 plants, of uniform size and vigor, were selected and used. From 
these 9 plants the second leaves (ones next below emerging leaves) were 
taken and combined for use as a sample. The same procedure was followed 
for the third, fourth, fifth, and sixth orders of leaves, down the stem. The 
data appear in table II. 

These tests (data in table II), based upon leaf-position, were essentially 
a consideration of the ages of the leaves. The sampling in each case ranged, 
through a series of grouped specimens, from juvenile, to virtually mature, 
to more or less senile leaves. 

The data give some indication of systematic variance. The Eh values 
appear to increase with the development of the young leaf; reach maxima 


TABLE II 

Ell VALUES (IN MILLIVOLTS) FOR CELL SAP FROM DIFFERFNT ORDERS OF LFAVES 


Order of 
leaves 

Test 1 

Test 2 

Test 3 

Mean 


Eh 

Eh 

Eh 

Eh 

2nd 

+ 439 

H 453 

+ 455 

+ 449 

3rd 

+ 464 

+ 469 

+ 462 

+ 465 

4tli 

+ 453 

+ 460 

+ 469 

+ 461 

5th 

+ 450 

+ 460 

+ 461 

+ 457 

6tli 

+ 447 

i 

+ 458 

+ 450 

+ 452 


(3rd or 4th leaf), and beyond this tend to decrease with increasing age of 
the leaf. The differences, while mostly consistent in order, are, however, 
small in magnitude, and mostly insignificant in a statistical sense. Assum¬ 
ing them to be real, many more observations would be required certainly to 
establish significance. 

Effect of hardening on Eh values 

It was of interest to ascertain whether or not the oxidation-reduction 
system of the cabbage plant would prove to be sensitive in its equilibrium 
to a change in the plant's environment. Exposure to low temperature 
(hardening) was chosen for trial. 

One experiment was conducted with plants of the Ferry's Round Dutch 
variety; three with Ferry’s Large Wakefield variety. In each instance, the 
plants were grown, as heretofore described, to a size adequate for use. At 
this<point, which varied from 44 days for Ferry's Round Dutch to 35, 43, 
«fcd 37 days respectively in the three tests with Ferry's Large Wakefield, 
;]tne lot of plants was divided into two groups of selected and equal size and 
vigor. Ono lot was to be subjected to hardening, the other not (left con¬ 
tinuously in the greenhouse). 
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Procedure for hardening. —The lot of plants to be hardened was re¬ 
moved each day at 6 p.m. from the greenhouse to a cold storage room with 
a regulated temperature of 7° to 8.5° C. It was left there until 6 a.m. (a 
period of 12 hours), and then shifted back into the greenhouse. This was 
repeated for 6 consecutive nights. 

Sample plants, for laboratory use, were taken each morning* from each of 
the two lots between 9 and 10 a.m. The period from 6 a.m. to 9 a.m. sufficed 
for a return of the plants in the treated lot to the higher temperature of the 
greenhouse (16° to 22° C.). 

The type of the results for the four experiments was essentially the same. 
It suffices, therefore, to present only the result from one experiment—that 



Fig. 2. Effect of hardening on Eh values of tissue fluid. 

for Ferry ’s Large Wakefield variety—conducted in June, 1941. It is given 
by figure 2. 

A decline in the Eh values of both sets of plants is shown by figure 2. 
For the untreated plants it amounts, by steps, to about 100 millivolts. For 
the treated plants the decline is much greater and, furthermore, appears to 
be somewhat different in type. 

The low point (+ 330 m.v.), reached after the second night of the plants’ 
exposure to low temperature, is of special interest. A point of this nature 
appeared in each one of the four tests. The only variation was the time 
of its appearance. In the other two tests with this variety of cabbage, which 
were made in April, 1941, it appeared after the fourth night of exposure 
rather than the second, as shown here. 
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In all cases this low point marked the maximal difference between the 
Eh values for the two sets of plants. After it was reached and passed, a 
substantial difference in these values continued but was lower in magnitude. 
Prolongation of the experiment, with additional nights of treatment, was 
desired but could not be effected. 

Discussion 

Among the findings herein reported, the most important may possibly 
be that of the sharp decline of the oxidation-reduction potential in response 
to the hardening treatment. This shift of the potential was to a remark¬ 
ably lower value, meaning a sudden .and large relative increase of reduction 
over oxidation. Doubtless this involved a change in energy relations, since 
the oxidation-reduction systems of biological organisms appear to be of the 
nature of thermodynamically reversible reactions which are characterized 
by electronic migrations. 

Incidentally, it was noticed without exception that coincidental with the 
sharp drop in the potential of the treated plants there was a change in the 
color of the expressed tissue fluid. It was emphatically bluish-purple in¬ 
stead of green. This color persisted and became slightly more intense with 
the additional exposures of the plants to the low temperature. The leaves, 
in external appearance, had this same caste of color. Its general appear¬ 
ance in cabbage plants, undergoing hardening to cold, is an item in common 
experience. This is suggestive of the presence of a chromogen which may 
be involved in the plant’s oxidation-reduction system, and which, as such, 
would bear particular investigation. 

Summary 

1. The existence of an oxidation-reduction system in the tissue fluid of 
the cabbage plant was experimentally demonstrated. Its electric potential, 
with normally grown plants, was found to be positive in character (domi¬ 
nance of oxidation over reduction) and to vary within the range of +450 
to + 475 millivolts. 

2. The relationship between the pH and the Eh of the tissue fluid was 
found to be definite and regular. It was expressible in the mathematical 
form of a parabola, the equation of which was derived, and is presented. 

3. Tests were made for the effect of leaf position (essentially leaf age) 
on the plant’s oxidation-reduction potential. Although inadequate as proof, 
the evidence pointed to the potential being low in the young leaves; highest 
in the leaves at full development; and declining in magnitude as the leaves 
passed the stage of maturity and began to age. 

4. The oxidation-reduction system of the cabbage plant gave an apparent 
response to the condition of exposure of the plant to low temperature (hard¬ 
ening). This response, consistent within the limits of the experimentation, 
was of the nature of a sharp drop in the potential after two to four exposures 
to low temperature; a slight rise in the Eh values, with added exposures; 
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and their continuation at a level below that of the unexposed and unhard- 
ened plants. 

Michigan State College 
East Lansing, Michigan 
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THE USE OF ION EXCHANGE MATERIALS IN STUDIES 
ON CORN NUTRITION 1 


C . D . Converse, Nathan Gammon, and 
J . D . Sayre 

(with three figures) 

Introduction 

In 1937, a series of studies involving the use of ion-adsorbing, or ion- 
exchange materials was begun at the' Ohio Agricultural Experiment Station 
in an effort to overcome some of the difficulties previously encountered in 
growing corn to maturity in controlled nutrition experiments. Nutrient 
culture techniques involving the use of these materials present many advan¬ 
tages over those in present use, particularly over solution cultures. Plants 
can be grown to full size and maturity under carefully controlled conditions. 
The technique permits the study of typical mineral deficiency symptoms and 
responses to varying amounts of the different elements. More accurate 
studies of the effect of the relative mineral content of the nutrient media on 
the mineral content of the plant parts are possible. Single elements can be 
varied without changing over ion concentrations. Undesirable osmotic 
pressures are eliminated. Changes in pH of the cultures are reduced to a 
minimum, and mutual precipitation of ions from solutions is avoided. The 
time required to care for the cultures is greatly reduced, as fresh solutions 
are not required at frequent intervals. The time required to set up the 
original cultures is somewhat greater than for solution cultures, because it 
is necessary to prepare different ion-exchange materials in rather large 
quantities in advance. Since the exchange materials must be intimately 
mixed with the gravel, it is not possible to change the nutrient levels of the 
cultures very much after they are started; thus, any mistakes in supply of 
the different elements cannot be corrected, nor can any addition or subtrac¬ 
tion be made after the cultures are started. This might be a disadvantage if 
different conditions of nutrient supply were required for the different stages 
of growth of the plant. 

The problem of growing plants in solution cultures has received consider¬ 
able attention, and there are very extensive bibliographies of the literature 
on this subject. Few investigators, however, have used adsorbed ions for 
growing plants. Pioneer work on this subject has been done by Breazeale 
(4) and McCalla (7), who have studied artificial zeolites and the clay frac¬ 
tion from the soil and used them as a source of ions for plants. Albrecht 
and McCalla (1) give a very good account of this subject and references to 
previous work. 

Schlbnker ( 8 ) began work at the Ohio Agricultural Experiment Station 

1 Department of Agronomy, Ohio Agricultural Experiment Station, and the Division 
of Cereal Crops and Diseases, Bureau of Plant Industry, U. 8. Department of Agricul¬ 
ture, cooperating. 
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in 1938 and carried it on at the Connecticut Agricultural Experiment Sta¬ 
tion with the same type of materials. A progress report covering the Ohio 
work to date was read at the meeting of the American Society of Plant 
Physiologists at Columbus, Ohio, in December 1939 (5). 

Materials and methods 

Materials were prepared during the winter of 1937-1938, and in the sum¬ 
mer of 1938 corn was grown to full maturity in a large gravel tank using an 
iron-phosphorus-bentonite sorption complex as the sole source of iron and 
phosphorus. At the same time, a series of pots was set up, using zeolite with 
all ions adsorbed on it, supplemented with additional iron bentonite, and 
irrigated with distilled water. The corn in these pots grew well and, of 
necessity, was harvested when ear shoots were formed, as it was planted 
rather late. Other work of a preliminary nature, using the colloidal frac¬ 
tion of a Miami subsoil as a sorption complex, was begun at this time but 
was abandoned in favor of commercial water-softening materials, which, 
because of their granular nature, were much easier to prepare and handle 
than the bentonite and clay colloids. Although iron has been supplied suc¬ 
cessfully on the various adsorption agents, it has been used more conveni¬ 
ently in the form of finely divided magnetite, as suggested by Eaton (6). 

The ion-adsorbing materials used in these studies included bentonite, 2 
exchange capacity, 80 mg. equivalents per 100 gm.; Miami subsoil clay col¬ 
loid, 65 m.e., prepared by Bradfield’s method (2, 3) and electrodialyzed free 
of positive ions other than hydrogen; “Decalso,” 3 an artificial sodium zeolite, 
230 m.e.; “Zeo-Karb-H, ,M a granular base-free hydrogen exchange material 
made from coal, 200 m.e.; and “De-Acidite,” J an aniline-anion-fixing mate¬ 
rial, 120 m.e. 

The iron-phosphorus-bentonite complex was prepared by dispersing the 
bentonite in distilled water and adding an excess of a ferric sulphate solu¬ 
tion. After thorough mixing, the supernatant liquid was siphoned off, and 
more distilled water and ferric sulphate were added. This process was 
repeated, and the mixture of bentonite and ferric sulphate was washed with 
distilled water until the bentonite no longer settled out. This procedure 
produced an iron-bentonite. An iron-phosphorus-bentonite complex was 
formed by adding phosphoric acid to this mixture, and the process of satu¬ 
rating and washing was repeated. Finally, the excess liquid was removed 
by supercentrifuging, and the resulting paste was stored in glass jars. 

The hydrogen clay was dispersed to about a 2 per cent, suspension and 
treated with the hydroxide or the carbonate of the desired element in accord¬ 
ance with its equivalence value as determined by electrometric titration. 

The commercial materials are granular and were treated without any 
previous preparation. The Decalso was leached with a solution of the 
chloride salt of the desired cation until saturated. The Zeo-Karb-H was 

* Furnished by the Wyodak Chemical Co., Cleveland, Ohio. 

a Furnished by the Permutit Co., New York. 
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treated in a water suspension with the hydroxide or carbonate of the element 
desired, in accordance with its equivalence value as determined electro- 
metrically. The De-Acidite was shaken with an excess of dilute acid of the 
anion desired and permitted to stand overnight. Following treatment, 
excess salts were washed out with distilled water on a suction filter, after 
which the materials were dried. 

All materials were analyzed after treatment to determine the amounts 
of ions adsorbed. Two-gm. samples were leached with 200 ml. of normal 
neutral ammonium acetate, and the leachate was analyzed for the adsorbed 
ion by standard methods to check the quantity of ions adsorbed. 

The amounts of the elements necessary in the culture media to mature a 
single corn plant were determined from previous analyses of both field- and 
solution-grown corn plants. When the quantity of the elements adsorbed 
on the exchange materials was known, it was simple to weigh out enough of 
the materials to supply the necessary elements. 

At planting time, the pots and reservoirs were assembled as shown in 
the diagram (fig. 1). Twelve hundred gm. of no. 4 clean quartz gravel were 



Fig. 1. Sketch of the pots and reservoirs used in cultures of ion exchange materials. 

weighed out for each pot, put into a 10-gallon barrel churn with 200 ml. of 
rain water and the desired quantities of exchange materials, and mixed for 5 
minutes. It was found that a 3-inch baffle board fitted diagonally from top 
to bottom in the churn gave a thorough mix. 

The pots were irrigated automatically four times daily. Seed was 
planted about an inch deep, and when the plants were about 4 inches high, 
they were thinned to one stalk at a place. Tillers were removed if they 
developed. From one to four stalks of corn were grown in a pot, although 
it was found that when four stalks were grown, the total dry weight pro¬ 
duced per plant was reduced, apparently because of root-binding. Water 
which evaporated or transpired from the pots was replaced daily with rain 
water. 

Results 

This type of culture has been used satisfactorily to study growth re- 
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spouses and deficiency symptoms of corn to calcium, magnesium, potassium, 
phosphorus, nitrogen, sulphur, and boron. Typical results obtained by this 
method are illustrated by two experiments in which series of levels of potas¬ 
sium and phosphorus were used. Two plants were grown in each culture, 




V 


I 


Fig. 2. Dry weight production by the two plants in each culture and phosphorus 
accumulation in the four levels of supply. 



Fig. 3. Dry weight production by the two plants in each culture and potassium 
accumulation in the four levels of supply. 


one each of the tw r o single crosses WF9 x 38-11 and 56x4-8. The series 
w r ere based on four levels of supply of either potassium or phosphorus; all 
other nutrients were kept constant. The potassium series was replicated 
three times, and the phosphorus series twice. The general growth and ap¬ 
pearance of the plants in the higher levels of nutrition were similar to those 
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Part of the nitrogen was supplied in solution as urea. The minor elements, except iron, were supplied in dilute 








TABLE II 


CONVERSE ET AL. : ION EXCHANGE STUDIES ON CORN NUTRITION 119 






120 


PLANT PHYSIOLOGY 


of field-grown plants, whereas typical deficiency symptoms developed in the 
lower levels. 

Distinct differences were shown between the two hybrids used in these 
experiments, but the results given in this paper are average values. They 
are shown graphically in figures 2 and 3. The total dry weight production 
per culture of the above-ground portion of the plants increased progressively 
with increasing nutrient supply, and the amount of phosphorus and potas¬ 
sium accumulated by the plants increased also, but not in proportion to the 
amount supplied in the cultures. In fact, the results show that the plants 
removed more than was supplied at the lower levels, probably because of 
contamination of the cultures from dust or from the rain water used. 

Tables I and II give a brief summary of the results of the chemical 
analysis of the plants grown in these two experiments and a record of the 
amount of each of the major elements supplied to each culture. 

Discussion 

None of the major elements were limiting factors except where made so, 
because the total amount of the element absorbed was only a small part of 
the amount added. A relationship between calcium and potassium is shown 
in table I, which records how the increased potassium absorbed by the plants 
reduced the percentage concentration of calcium in the plants. This is not 
a reciprocal relationship because the total amount of calcium was not de¬ 
pressed except in the last level. Relationships exist among the other ele¬ 
ments, but it is difficult to interpret them because of the great change in 
plant size which occurred with increased supplies of potassium. 

The results shown in table II, showing an experiment in which all ele¬ 
ments except phosphorus were constant, are also difficult to interpret. Phos¬ 
phorus increased in amount and in concentration in each level of supply. 
Potassium decreased in concentration as the plants became larger, but the 
total amount taken up increased except in the last level. Nitrogen was ab¬ 
sorbed by the plants in greater amounts in each level but not in proportion 
to plant size, because the concentration decreased in each level. Calcium 
changed significantly in the different levels; it was very low in all. 

Summary 

A new technique for plant nutrition studies has been outlined, and 
illustrations of the type of results that may be obtained are given. This 
new technique permits the addition of each major element separately. 
Growth responses and deficiency symptoms are obtained just as easily as in 
solution cultures, but the responses and symptoms are more definite than in 
other methods of culture. 

Ohio Agricultural Experiment Station 
Wooster, Ohio 
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ESTIMATION OF STOMATED FOLIAR SURFACE 
OF PINES 

Theodoie T. Kozlowski and Francis 
X. Schumacher 

(with one figure) 

Physiological investigations of forest tree species require, on occasion, 
the measurement of the total surface area of tree foliage. The problem of 
determining leaf surface areas of broad-leaved species is not as difficult as 
that of determining foliage surface area in coniferous species; for despite 
individual irregularity, leaves of broad-leaved species may be traced and 
their outlines planimetered. An improved technique for determining ex¬ 
posed leaf area of broad-leaved species is the photoelectric cell method, one 
modification of which is described by Kramer (5). The grid-area method 
of Newman (7) which is an application of the mean ordinate principle can 
also be used for leaves of broad-leaved species. These methods cannot be 
applied to the needle-like leaves of pine. 

Groom (2) estimated the surface of coniferous foliage by combining his 
measurements of numbers and lengths of leaves with those of von Hohnel 
(3, 4). Minckler (6) determined leaf area in pine by taking diameter 
measurements with an eyepiece micrometer and making a small allowance 
for taper. Uhl ( 8 ) adopted the displacement principle and suggested a 
relationship between surface development and volume but did not give 
information on taper corrections. 

This paper describes an indirect method of measuring the aggregate sur¬ 
face area of pine needles by taking advantage of the correlation between 
surface area and volume of needle fascicles; for the latter may be determined 
directly and quickly by the measurement of displacement. 

The method involves the following assumptions with respect to the cross- 
section of a pine needle fascicle when the component needles are in properly- 
oriented contact: 

1. That the outline of any cross-section along the length of fascicle is 
circular; that departure therefrom gives rise to no greater relative error of 
calculated surface or volume of the fascicle than does the corresponding 
assumption on the calculated surface or volume of the tree bole; in short, 
that the consequence of departure from circular outlines is negligible. 

2. That contiguous faces of needles, as viewed in cross-section, may be 
regarded as radii of the fascicle circle. 

Observations taken on a great number of fascicle cross-sections indicate 
that the above assumptions are valid, unless the fascicle has undergone dehy¬ 
dration or hap been treated for sectioning. 

To calculate volumes of individual fascicles it is necessary that lengths 
and average diameters be determined. In order to obtain diameter measure- 
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ments at equidistant intervals it is necessary to bring the needles of a fascicle 
together in proper orientation with radial walls in contact. A satisfactory 
practice is one in which thread ligatures, each with a single overhand knot, 
are slipped on the fascicle from its sheath end. All the knots are then tight¬ 
ened while the ligatures are located closely together just above the fascicle 
sheath. In this region the needles are not twisted and the r&dial surfaces 
are contiguous. The ligatures are slipped downward toward the apex and 
one is placed just above or below each point of diameter measurement. 
Twisted needles are in this way forced into a corrected position in the 
fascicle. With the ligatures holding the needles together the desired diame¬ 
ters may be easily taken with a microcaliper. 

If, then, the actively transpiring surface, that containing the stomates, 
of an essentially 3-needled pine, such as loblolly pine ( Pinus iaeda L.), 
includes the external surface area of the fascicle, together with the surface 
of the 6 radial faces, calculation of surface area and volume of the fascicle 
is easily performed. Suppose, for example, that diameter measurements, 
d i, d 2 , d u d 4 , and d, are taken at equidistant intervals along the fascicle from 
base to tip. Since d 5 represents the tip diameter its value, obviously, is zero. 
Consequently if the length of the fascicle be denoted by /, then the outer 
surface, o, of the fascicle may be represented 

o = (rr(0/b) [di t ^2 di + d<] 
while the inner surface, /, may be expressed 

f= (3(0/5) [d,+ d, hd* bd 4 ] 

Hence the entire transpiring surface, y L , of a loblolly pine fascicle is the 
sum of these components, that is 

Vi =o i ?= (// 5) (d x + d 2 , 4- d*, + d 4 ) (tt + 3) (1) 

The volume, x, of the same fascicle may be derived as readily. Since 
volume is the product of length, l, and the average cross-sectional area, it 
follows that 

x= (i/5)(dj*f df+df t- d5) (tt/4) (2) 

By contrast, the expression for the transpiring surface of a particular 
5-ueedled pine, such as eastern white pine, (Piuus strobus L.), differs from 
equation (1) in that stomates occur only on the radial faces of the needles 
of a fascicle. In this discussion it is assumed that transpiration from non- 
stomated surfaces is negligible and these surfaces are therefore neglected. 
In this case, then, o is zero, and the entire transpiring surface, yw , may be 
represented 

yw =1 (d x 4 d 2 + d* + d 4 ) (la) 

The expression of fascicle volume of a 5-needled pine is, of course, identical 
with that of equation (2). 

The transpiring surface and the volume of each fascicle of a random 
sample of 25 seedling loblolly pine needle fascicles were calculated according 
to equations (1) and (2), respectively, after taking the fascicle diameter 
measurements d ly d 2 , d i9 and d 4 , in hundredth millimeters, and fascicle 
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length, l, in millimeters according to the above observational program. Upon 
plotting surface, y L , on volume, x L , of the individual fascicles in a system 
of rectangular coordinates, as in fig. 1 (upper graph), it was surprising to 



.01 .02 .03 **)4 .05 .06 .07 -.08 .09 .10 

VOLUME IN MILLILITERS, 

Fig. < 1. Regressions and confidence bands of surface on volume of fascicles of lob¬ 
lolly pine and white pine. Based on data from 25 fascicles selected at random from each 
species. 


find that the relation between the variables is not of a complex nature as 
had been anticipated; for it may, evidently, be adequately expressed by a 
straight line fitted to the plotted points. 

Corresponding measurements were taken on a random sample of 25 
fascicles of seedling eastern white, pine needles using equations (la) and 
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(2), respectively, in calculating surface and volume. Again, the dis¬ 
crepancies of the plotted points from the straight line fitted thereto (fig. 1, 
lower graph) substantiate the adequacy of the straight line. 

For determining aggregate volumes of large groups of fascicles the 
immersion method was employed. Several techniques were investigated 
and it was found that methods in which overflow water was weighed are 
not very suitable in this work. In immersing an aggregate of fascicles in 
water air bubbles are often trapped in the network as it is placed in the 
vessel. A suitable method is one in which graduated cylinders are used and 
not completely filled before immersion. Trapped air bubbles may be released 
by pressing a bundle to the bottom of the cylinder with a glass rod. 

The outline of the scheme of calculating the entire transpiring surface 
of any larger group of fascicles now becomes apparent. If, for instance, a 
3-year-old loblolly pine has an aggregate of 1,000 fascicles, and the volume 
of the aggregate, as determined by immersion and the measurement of dis¬ 
placement, is 55.0 ml., one may enter the upper graph of figure 1 with the 
average volume to the fascicle (in this case, 0.055 ml.) and read therefrom 
the corresponding average surface (in this case, about 5.6 sq. cm.). Thus 
the entire transpiring surface of the 1,000 fascicles is about 5,600 sq. cm. 

The experiment on transpiration rates which suggested the present prob¬ 
lem required a high degree of precision of the calculated transpiring surface, 
as the transpiration rate per nnit of transpiring surface of loblolly pine was 
to be compared with the corresponding rate of white pine under laboratory 
conditions. To this end a straight line of the form 

y = a + b (s -j) 

was fitted to the plotted points of figure 1, according to the method of least 
squares of Fisiier (1) separately for each species. In this expression, a is 
the arithmetic mean in square centimeters of the 25 surface calculations of 
the sample for one of the species, and x is the mean in cubic centimeters of 
the corresponding volume calculations; while b is the computed rate of 
change of surface to the unit change of volume. 

Upon applying the method to the sample of 25 loblolly pine fascicles as 
a case illustration, the expression of surface in terms of volume was found 
to be 

y L = 6.078 i 70.880 (x - 0.0621) (3) 

and the square of the standard deviation of the discrepancies between 
observed y L and corresponding y L is 

*[ = 0.07785 

in (sq. cm.) 2 . The estimate of the standard error of any calculated ¥ L is 
the square root of 

0.07785 Ll/25 + (x - 0.0621 ) 2 /0.007452J . (4) 

The straight line in the upper graph of figure 1 is the representation of 
equation (3) for loblolly pine. The band which this line bisects throughout 
its length is known as the 95 per cent, confidence band. Its vertical distance 
(in positive and negative direction) from the bisecting line is twice the 
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standard error of the calculated Y h as given by equation (4). It thus delim¬ 
its the range which contains the true surface area, corresponding to given 
fascicle volume, with a probability of 0.95. 

If equation (3) is now applied to the 1,000 fascicles, the mean volume of 
which, as used in the illustration above, is 0.0550 ml., the calculated average 
transpiring surface is the following: 

Y l = 6.078 + 70.880 (0.0550 - 0.0621) 

= 5.575 sq. cm. 

The estimate of the standard error of this value is found upon inserting 
0.0550 for x in equation (4); whence the standard error of 5.575 is estimated 
to be the square root of 0.003641, or 0.0603 in square centimeters; and the 
entire transpiring surface area of the thousand fascicles is 
1,000 (5.575 dfc 0.0603) =5,575 =fc 60.3 

in sq. cm. If the standard error be doubled it expresses the 95 per cent, 
confidence interval. Hence, with probability of 0.95, the true aggregate 
surface of the thousand fascicles lies within the range 

5,575 ± 121 

sq. cm. or within 2.2 per cent, of the calculated value. The estimate thus 
possesses quite a satisfactory precision, derived as it is, from careful mea¬ 
surements taken on only 25 fascicles. It is, of course, subject to unknown 
systematic error if the assumptions upon which the calculations of surface 
and volume of the 25 fascicles had been based, are not valid. 

Summary 

1. The surface area of a population of pine needle fascicles may be 
readily calculated through its correlation with volume, a value more easily 
determined by displacement. 

2. A linear relationship of the form 

y = a+ b (x - x) 

was found for needle fascicles of loblolly pine and eastern white pine. In 
the above expression, a is the arithmetic mean in square centimeters of all 
surface calculations of the sample for one of the species, and x is the mean 
in milliliters of the corresponding volume calculations; while b is the 
computed rate of change of surface to the unit change of volume. 

3. The surface area of a population of fascicles may be readily deter¬ 
mined by substituting in the equation above and determining the surface 
area of the average needle fascicle. By multiplying this value by the number 
of fascicles in the population the total surface area is easily obtained. 

4. In establishing the graphic relationship between surface and volume 
of needle fascicles from a sample a microcaliper may be used to obtain 
diameter measurements along fascicles. 

5. Thread ligatures are suggested as aids in obtaining diameter mea¬ 
surements. 
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This study was carried out at the School of Forestry, Duke University, 
and the writers are indebted to Dr. Paul J. Kramer of that institution for 
critical aid in the preparation of the present contribution. 

Duke University 

Durham, North Carolina 
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A TECHNIQUE FOR TREATING SMALL SEEDLINGS 
WITH COLCHICINE 

Ross C. Thompson 
(with two figures) 

Numerous techniques have been employed by various workers in attempts 
to induce polyploidy in plants by the use of colchicine. No one procedure 
appears to be the best for all kinds of material, because the technique must 
be varied to meet the requirements of the particular material and conditions. 

There is fairly general agreement that the colchicine treatment of germi¬ 
nating seeds and very small seedlings is more likely to result in polyploids 
than the treatment of growing points of older plant organs. The writer 
has found this to be especially true in the treatment of several species of 
Lactuca. Several methods of applying colchicine to the growing points 
of large plants, as in lanolin paste or water-glycerine solution by immersion 
or with saturated cotton, have given poor results. These methods have all 
resulted in deformed growing points with varying amounts of polyploid 
and diploid tissues. In nearly every case, however, where lateral buds were 
treated, the tissues returned largely to the diploid form, and seeds contain¬ 
ing only embryos having the diploid number of chromosomes resulted. In 
contrast to the high percentage of failures resulting from the treatment of 
growing points on older plants, the number of polyploids obtained from the 
treatment of germinating seeds and small seedlings has been quite high. 
However, neither the germination of Lactuca seed i!i weak concentrations 
of colchicine nor the soaking of seed in colchicine solutions previous to ger¬ 
mination has proved entirely satisfactory. While a fairly high percentage 
of tetraploids has been obtained from both of these methods they have 
resulted in extreme retardation of radicle and root development with a con¬ 
sequent loss of many of the seedlings before they developed sufficient root 
systems to continue growth. 

A method of treatment has been worked out whereby the growing apex 
of the seedling can be treated without subjecting the radicle and rootlets 
to the deleterious effect of the chemical. The procedure permits the treat¬ 
ment of a large number of small seedlings with a limited amount of labor. 
For successful application it is necessary that the seedlings have relatively 
long hypocotyls. The length of the hypocotyl in many seedling plants can 
be controlled to some extent by conditions just following the breaking of 
the s&ed coat in the process of germination, and before treating with col¬ 
chicine. 

In Lactuca seedlings the length of the hypocotyl has been greatly in¬ 
creased over normal by placing the germinating seeds in darkness on a moist 
surface at a temperature favorable for rapid cell activity (25°-30° C.) at 
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the time the radicles appear through the seed coats. In the absence of light 
the hypocotyls become much elongated and etiolated. When the elongation 
has reached its maximum, or about 20 mm., the seedlings are ready to be 
given the colchicine treatment. The conditions required for forcing hypo- 
cotyl elongation and etiolation may have to be altered somewhat for different 
kinds of material, and for some species the procedure is not at all practicable; 
however, it can be used to good advantage with seedlings of a great many 
species. 

Materials and methods 

A Petri dish and a disc of paper about one centimeter larger in diameter 
than the dish are required for each treatment. The paper can be prepared 
easily by folding a filter paper, in the manner indicated in figure 1, and 


c 



Fig. ]. A filtei papei piopeily folded foi cutting tlie disc to fit tlie bottom of a 
Petri dihli. The distance A-B should be the same as the diameter of the bottom of the 
dish. The distance fiom 0 to T) should be slight]) less than one half of A—B. 

front this cutting a semi-circular piece about equal to one-half of the bottom 
of the dish. The paper is then placed in the dish as shown in figure 2 and 
sealed m place w ith melted paraffin. The dish may be slightly warmed to 



Fig. 2. A Petri dish equipped for the treatment of small seedlings with colchicine 
solution. 
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prevent too rapid cooling of the wax. With the paper held in place a small 
amount of hot paraffin is poured into the dish while it is held in an inclined 
position and so that the paraffin is made to flow around the margin of the 
paper, sealing it to the bottom of the dish. After a few rotations the paraffin 
will be cooled sufficiently to hold the paper in place. A little more warm 
paraffin may be applied at the ends of the ridge in the paper so as to seal it 
to the dish at both ends. The apex of the ridge should be greased with a 
little vaseline or some other lion-injurious grease or oil to prevent the solu¬ 
tions, to be placed in the dish, from creeping over the ridge and becoming 
mixed; or the whole disc of paper may be treated with hot paraffin. The 
dish is now ready for use. Enough colchicine of the desired concentration 
is placed on one side of the ridge to come within about £ inch of the top of 
the ridge. The height of the ridge formed by the paper may be varied so as 
to provide a proper depth of the colchicine solution to cover the cotyledons 
and epicotyls of the seedlings being treated. The other half of the dish is 
filled with water. It is advisable in some cases to use a layer of damp cotton 
batting in place of the water for keeping the roots moist. 

The elongated hypocotyls of the seedlings are placed across the ridge so 
that the roots are in the water or on the wet cotton, and the epicotyls in the 
colchicine solution. In some cases it has been found advisable to apply a 
little vaseline to the hypocotyls at the point where they cross the ridge. 
This can be done with a small camel’s hair brush. If the hypocotyls are 
long it is not difficult to keep both ends of the plant submerged. If the 
hypocotyls are short it may be necessary to weight the ends down lightly to 
keep them submerged. The dishes may then be covered and left in a desir¬ 
able light and temperature for the duration of the treatment. 

The number of seedlings that may be treated in a dish at one time will 
depend on the size of the Petri dish used and the size of the seedlings. 

After the seedlings have been exposed to the treatment for the desired 
time, usually 4 to 8 hours, they are removed and washed thoroughly in water, 
dried slightly on absorbent paper, and transplanted to soil where they are 
permitted to grow until the effect of the treatment can be determined. 
Because of the long hypocotyls of seedlings thus treated it is necessary that 
they be set deeper in the soil than is normal. Tetraploid stems on diploid 
roots obtained by the procedure outlined h&ve been far more satisfactory 
than the types of tissues obtained by other methods so far tried. 

United States Department of Agriculture 
Bureau of Plant Industry 
Washington, D. C. 



A SIMPLIFIED INTEGRATING LIGHT RECORDER 
FOR FIELD USE 1 

V. G. Sprague and E. M. Williams 
(with two figures) 

Ill a previous paper (1) an inexpensive integrating light recorder was 
described which operated with current supplied from a transformer and rec¬ 
tifier connected to an ordinary alternating current line. This paper de¬ 
scribes a similar unit in which batteries are used to supply current. In both 
instruments the minute current from a phototube charges a condenser pro¬ 
ducing a potential difference which gradually increases. When the poten¬ 
tial across the condenser reaches the breakdown voltage of a cold cathode 
relay tube in parallel with the condenser plates, the gas in the tube ionizes 
discharging the condenser and at the same time discharging a larger con¬ 
denser through a sensitive counter. A direct current supply is required 
to supply the phototube and provide the charge on the condenser which 
actuates the counter. 

In order to make the integrating light recorder portable for use under 
field conditions, the original circuit was slightly modified to use dry batteries 
as a source of power. The circuit (fig. 1) is simplified by this change and 
the action of the counter is more positive. Since the current used in opera¬ 
tion is very small (less than 10~ 6 amperes) very small batteries are adaptable 
and the useful life is approximately the shelf life of the batteries. The 
voltage required for operation of the phototube is reduced slightly (to 90 
volts for convenience in tapping when 45-volt batteries are used), while the 
voltage required for operation of the counter is reduced considerably, from 
280 volts in the alternating current instrument to 135 volts wdien batteries 
are used. The 250,000-ohm resistor across the condenser (C 2 ) used to actu¬ 
ate the counter in the alternating current instrument is not required since 
the batteries can be tapped directly for the required voltage. It has been 
found that an 0.5-mfd. high grade paper condenser is approximately the 
correct capacity for condenser Ci and that a 2-mfd. paper condenser is 
usually satisfactory for condenser (V A 250,000-ohm resistor is placed in 
series with the \ 135-volt terminal of the battery and condenser C 2 do pre¬ 
vent continuous ionization of the gap between the control anode P 2 and the 
cathode K of the relay tube. 

A receiver, similar in design to that described by Wallace (2), has been 
used for two years and has been found to be quite satisfactory. A spherical 
globe (fig. 2) is countersunk into a wooden block through which a square 
hole has been cut immediately below the globe, approximately the same size 

i Contribution no. 41, of the U. 8. Regional Pasture Research Laboratory, Division 
of Forage Crops and Diseases, Bureau of Plant Industry, U. 8. Department of Agricul¬ 
ture, in cooperation with the northeastern states and the Electrical Engineering Depart¬ 
ment of The Pennsylvania State College, State College, Pennsylvania. 
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Fig. 1. "Wiling diagram of battery operated integrating light recorder. 

as the opening in bottom of the globe. The phototube is mounted in a light¬ 
tight box which is fastened to the under side of the wooden base. The re¬ 
ceiving surface of the phototube faces the globe. Inasmuch as the maximum 
incident intensity on the phototube should not exceed 500 foot candles, it is 
necessary to reduce the received intensity by placing a piece of frosted opal 
glass at the base of the globe and at the top of the square hole. This acts 
as a receiver for the light transmitted by the globe and in turn as a trans¬ 
mitter of light to the phototube directly beneath it. With this arrangement 





Fig. 2. Battery operated integrating light recorder and the opal glass spherical 
receiver. 
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the light reaching the phototube rarely exceeds 450 foot candles. A lead- 
covered cable provides a satisfactory weatherproof lead-in from the receiver 
to the recorder. 

In calibrating the instrument a clear day without clouds is most satis¬ 
factory. A heavy jiaper cylinder at least four feet long and just the diame¬ 
ter of the globe is used. One end of the cylinder is placed over the globe 
and the other is pointed directly at the sun so that only parallel light rays 
strike the receiver. The base and other portions of the globe are covered 
with dark cloth to prevent other light from striking the globe. With a stop 
watch, the number of discharges per minute is determined and immediately 
thereafter the tube is removed from the globe and the intensity of the light 
at the base of the paper cylinder is read with a standardized foot-candle 
meter. Several readings should be taken which may then be used in calcu¬ 
lating the calibration factor for the globe, phototube, and instrument. Since 
phototubes vary slightly in sensitivity, it is necessary to obtain a new cali¬ 
bration factor if the phototube is changed. Although phototubes have 
nearly constant sensitivity, it is probably desirable to recalibrate the instru¬ 
ment every six months and to remove any dirt or dust which may have 
accumulated on the globe, on the frosted opal glass plate, or on the photo¬ 
tube. If the recorder is used under field conditions, it is advisable to place 
everything but the receiver under cover. It should be subjected, however, 
to free circulation of air, since excessive ambient temperatures result in 
decreased battery life. Such stations as those used by the Weather Bureau 
to determine maximum and minimum temperatures and humidities are satis¬ 
factory. Inasmuch as this recorder develops no heat during operation, it 
may be thoroughly enclosed to keep dust and blowing rain from reaching 
the instrument. The total cost of the parts for this instrument was approxi¬ 
mately $12.00. 

It is probable that an alternating current instrument is preferable where 
continuous records for a number of years are desired and where the recorder 
can be placed in the laboratory; but for field operation, or wherever a port¬ 
able recorder is required, the battery operated set is especially adaptable. 

IT. S. Regional Pasture Resk\rcii Laboratory 
and 

TnE Pennsylvania 8t\te College 
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A LIGHT-TIGHT BOX FOR MAKING SHADOWGRAPHS OF AVENA 
SEEDLINGS FOR GROWTH HORMONE DETERMINATIONS 

R . E . Bennett, S. A. Gordon, and S. G. Wildman 
(with one figure) 

The authors have made and are using a simple light-tight box for mak¬ 
ing shadowgraphs of Avena, quickly and easily, without leaving the constant- 
temperature-constant-humidity culture room. After visiting other labora¬ 
tories, and talking to other workers. it is our impression that usually the 
rows of seedlings are taken out of the culture room to an adjacent dark room 
for making the exposures. To shadowgraph 38 rows requires opening the 
door 76 times, allowing large volumes of drj r cool air to enter the culture 
chamber. Tests with a hygro-thermograph showed that the humidity varied 
more than 20 per cent, during the interval that shadowgraphs were being 
made, whereas at other times it remained nearly constant. A further dis¬ 
advantage of carrying the seedlings to another room is the danger that the 
coleoptiles may be bent or disarranged while opening and closing a heavy 
door such as is used for a culture room. 

By experimentation it was determined that the distance between the light 
and the seedlings could be decreased to less than six feet without introducing 
any appreciable error from parallax. Sharply defined shadows were ob¬ 
tained by using a clear (noil-frosted) bulb. Even more sharply defined 
shadows were obtained with a six-volt automobile tail-light bulb for 
illumination. 

The essential features of the box which was designed and built are shown 
in the accompanying figure. Since the box is used inside the culture room 
under conditions of high humidity, it is suggested that waterproof plywood 
be used in construction to minimize warping. All joints should be glued 
with a resin glue such as “Casoamite” or “Weldwood.” White light is 
confined to the interior of the box by the use of baffles on the door, instead 
of felt, because a slight warping or a poor fit would allow light to leak around 
felt. A ruby bulb is placed on the outside and is wired in series with the 
clear (non-frosted) 40-watt bulb which is inside the box. The ruby bulb 
serves as a pilot light and also reduces the voltage on the white bulb so 
that exposures with < ‘Kodabrom ,, contrast bromide paper are about four 
seconds. A switch is placed on the cord rather than on the box, to minimize 
vibration during exposure. A small ruby bulb (not shown in the figure) 
is placed inside the box to facilitate handling the seedlings and the photo¬ 
graphic paper. This bulb is connected directly to the line so that it remains 
burning all of the time. . 

The use. of this box in the culture room has considerably speeded and 
facilitated the shadowgraphing of Avena seedlings. It is small enough to 
cause no inconvenience in the culture room. No white light escapes from 
the box. In this laboratory two persons work together and use as many as 
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38 rows of seedlings for one experiment. While one person is finishing the 
placing of agar blocks the other can begin shadowgraphing, with confidence 



Pig. 1. Above, a light-tight box for making shadowgraphs of Avena seedlings; below, 
left, cross section of the box showing construction of the door; right, median longitudinal 
section of the box showing placement of the paper holder, seedling holder, and the 
white light. 

that the last part of the experiment will not be altered by humidity or 
temperature changes. 

University of Michigan 
Ann Arbor, Michigan 
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Meeting Canceled. —At the request of the Office of Defense Transporta¬ 
tion the meetings which were to have been held in New York late in Decem¬ 
ber, 1942, were postponed or canceled in order to relieve the congestion of 
army holiday travel. In most respects we can go along about as well without 
the meetings; but it does make it more difficult to have intelligent considera¬ 
tion of the business matters which should have received attention at the 
annual meeting. It is hoped that the Executive Committee will not consider 
any matter settled until the reasons for proposed actions can be thoroughly 
understood, and appropriately digested. The main committee reports will be 
presented in this number of Plant Physiology. 

Life Membership Award.—The Charles Reid Barnes life membership 
committee reported the selection of Dr. Olenus Lee Sponsler, Professor of 
Botany at the University of California at Los Angeles, to receive the nine¬ 
teenth award of this honor. The award is made in recognition of Dr. 
Sponsler’s contributions to the knowledge of molecular structure of biologi¬ 
cal materials as revealed by x-ray methods. Dr. Sponsler is a native 
Ohioan, with degrees from Michigan, Nebraska, and Stanford. lie has been 
connected with the University of California since 1922. The Society is 
greatly honored by the addition of Dr. Sponsler to its roll of Charles Reid 
Barnes life members. 

Hales Award.—-The eighth award of the Stephen Hales prize has been 
made to Dr. Cornelis Bernardus van Niel, Professor of Microbiology at the 
Hopkins Marine Station, Stanford University, in consideration of his bril¬ 
liant work on the biochemistry of lower organisms, and particularly his con¬ 
tributions to an understanding of photosynthesis among these organisms. 
Dr. van Niel was born at Haarlem, Holland, November 4, 1697. He was 
trained at the Technical University at Delft, where he obtained his degrees, 
and where he served as conservator of the microbiological laboratory from 
1924 to 1928. In Hie latter year he was attached to the Hopkins Station, 
where he has worked for 14 years. 

His best known work deals with bacterial photosynthesis. "When he first 
began to study the purple and green sulphur bacteria ( ca . 1926) knowledge 
of the nutrition and metabolism of these organisms was fragmentary and 
contradictory. Several theories had been advanced, some believing that 
photosynthesis was, in these forms, not much different than in green plants; 
others believed them to be chemosynthetic; still others thought the metabolism 
was a mixed chemosynthetic photosynthetic process. The difficulty was to 
reconcile the following observations: 

1. Light and oxidizable sulphur compounds are required. 

2. No oxygen is liberated. 
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3. The sulphur compounds are oxidized generally to sulphates in the 

absence of oxygen. 

4. Carbon dioxide is consumed. 

Dr, van Niel (1930-1931) clarified the problem by a combined experi¬ 
mental and theoretical approach. He isolated (for the first time) pure 

cultures of purple and green sulphur bacteria, studied the influences of 

light, oxygen, oxidizable sulphur compounds, carbon dioxide, etc., on their 
growth, and established the quantitative relations among the substances 
consumed (C0 2 , H 2 S) and produced (S0 4 , cell material) in the light of 
metabolism. The experimental results were interpreted in terms of a new 
type of photosynthesis which, when H 2 S is the oxidizable substrate and 
sulphur the oxidation product, is expressed by the equation: 

C0 2 i 2H 2 S (HCHO) + H 2 0 + 2S 
generalized, thus: C() 2 + 2H 2 A (HCHO) 4 H 2 0 4 2A, 
where H 2 A is any oxidizable substrate, organic or inorganic. 

These bacterial photosyntheses are sharply distinguished from green 
plant photosynthesis by their dependence upon the presence of an oxidizable 
substrate other than water, and by the absence of any oxygen production. 

Van Niel's generalized theory of photosynthesis has had an important 
influence upon subsequent experimental studies of green plant photo¬ 
synthesis ; witness the work of Gaffron on photosynthetic hydrogen utiliza¬ 
tion by Scenedesmus, and Ruben's demonstration by the use of isotopes, 
that the oxygen of photosynthesis is derived from water, not from carbon 
dioxide. 

In addition to these studies of photosynthesis, van Niel has contributed 
important papers on the morphology, nutrition, taxonomy and biochemistry 
of propionic acid bacteria; and his work on the fermentation of glycerol pro¬ 
vided an essential link in the chain of events which led to the discovery of 
the role of carbon dioxide in the formation of succinic acid and other 
products by Wood and Werkman in 1936. He has also made important 
contributions to bacterial taxonomy in general, in collaboration with 
Kluyveb and Stavier. 

Other subjects which have claimed his attention are methane fermenta¬ 
tion, fermentative assimilation, diacetyl and butter aroma, and a new genus 
of yeast-like organisms, Sporobolomyes. 

Not the least of his accomplishments is his ability as a teacher. An actor 
at heart, he has the rare gift of being at the same time precise, logical, and 
inspirational. These and other qualities make him the idol of his students, 
the wonder and delight of his friends. 

The committee on the award, made up of the last three recipients of the 
award, have made a splendid selection, one which merits universal approval. 
It accords with the spirit of the Society, and with the spirit of those who, in 
1927 and later years, by their gifts, laid the foundations for this biennial 
award. We can all be justly proud that the honor has been bestowed on one 
so well deserving it. 
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Editorial Report. —In reporting the activities of the editorial committee 
for 1942, attention was directed to several matters of general interest. The 
volume for 1942 showed considerable reduction in size from that of 1941, a 
total of 717 pages as compared to 857 in 1941. The reduction came about 
without sacrifice, because the demands for space were smaller in 1942 than 
in 1941. For instance, the 6fi papers published in 1941, averaged 13 pages 
each; whereas the 70 papers published in 1942 averaged only 10 pages each. 
The decrease in size of volume 17 is, therefore, an expression of the more 
concentrated and less verbose type of paper which has been coming into 
favor among scientists generally. This is an encouraging trend, and, if it 
is maintained, should cushion the impact of war upon our finances. Authors 
should keep in mind at all times that care in the preparation of manuscripts 
will dispense with unnecessary repetitions, will not present or stress the 
obvious and well-known facts, and will reduce summarizing of past literature 
to the minimum requirements. The editors appreciate the progress investi¬ 
gators are making in the direction of succinct reports, but desire to retain our 
practice of giving space to lengthy papers when more space is needed. 


George Peter Hoffman. — On April 1,1941, George Peter Hoffman, who 
was connected with the U.S.D.A. horticultural field station at Meridian, 
Mississippi, died of a heart ailment. He was born in Columbia, South 
Carolina, February 23, 1890. His advanced education was obtained at 
Clemson College, where he was graduated in 1915 ; and at Cornell University 
(M.S., 3925), and Michigan State College, 1932. He was an assistant in 
horticulture at Clemson in 1916, went into extension work with them for 
about six years, first in general extension work and then as extension horti¬ 
culturist until 1923. He then entered the Department of Horticulture as 
associate professor, a position which he filled for three years. In 1926 he 
went with Penney Farms, the J. C. Penney-Gwinn Corporation, which he 
served for six years as manager of its program. In 1932 he was appointed 
to a position in the Department of Agriculture in nut investigations, and 
was soon stationed at Meridian, where his work was mainly concerned with 
pecans, grapes, sweet potatoes, and vegetables. 

He is survived by his wife, who lives at Fountain Inn, South Carolina, 
and a son who is in attendance at Clemson College. 


Fellowship. —Sigma Delta Epsilon continues its award of a $3000 fel¬ 
lowship. The second award is to be made for 1943-1944, and applications 
and references should be submitted before March 1,1943. Women with the 
equivalent of the master's degree, with research in mathematical, physical, 
or biological sciences, who need aid to complete their work, are eligible. They 
must give evidence of high ability and promise in research. Those receiving 
the award are supposed to devote the major time to research on some ap¬ 
proved subject, and not to do work for remuneration outside the fellowship, 
unless such program has been specifically authorized and approved. 
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Application blanks may be obtained from Dr. Eloise Gerry, care of the 
U. S. Forest Products Laboratory, Madison, Wisconsin. Interested persons 
are invited to write, and to mark correspondence “Personal.” 

Sigma Delta Epsilon may well be proud of its determination to carry 
on this valuable work during these desperate times. 

Selective Service.—While the rules for selective service and selective de¬ 
ferment are so much subject to change that statements do not remain accurate 
for very long, the following notes are culled from a statement on occupational 
deferment issued under date of September 30, 1942. 

The War Manpower Commission has certified that educational services 
are essential to the support of the war effort. Under such services the Com¬ 
mission specifies public and private industrial vocational training; ele¬ 
mentary, secondary, and preparatory schools; junior colleges; colleges, uni¬ 
versities, and professional schools; educational and scientific research 
agencies; and the production of technical and vocational training films. 

A list of critical occupations is given in occupational bulletin 23, and 
among others the following are of interest to our membership: Agricultural 
sciences, bacteriology, biology, chemistry, and physiology. In general, occu¬ 
pations requiring more than 6 months of technical training are to receive 
consideration at the hands of all draft boards. Full time instructors in 
biology in elementary schools, and presidents, deans, and registrars in junior 
colleges, professors and instructors engaged in full-time instruction in the 
subjects mentioned, are considered as engaged in work critically related to the 
war effort. 

This information is given because our members may not be aware of the 
privileged status of their work as full time instructors in critical occupations. 

Carnivorous Plants.—One of the most interesting and romantic chapters 
in plant physiology is that which deals with the carnivorous plants. Those 
who have been privileged to read the account in Keener and Oliver's Nat¬ 
ural Hist or u of Plants which deals with these interesting creatures, will turn 
to a new account of them with expectant enthusiasm. For more than a 
decade Dr. Francis E. Lloyd has been studying these plants intensively, and 
has now brought his observations into book form. It is a handsome mono¬ 
graph entitled The Carnivorous Plants. It is published by the Chronica 
Bontanica Company, of Waltham, Massachusetts. 

The introductory chapter gives a general account of these curious plants, 
their geographic distribution, the types of traps and pitfalls that have been 
developed, and the difficulties of accounting for them on any evolutionary 
hypothesis. The reviewer has always wished to hear some survival-of-the-fit- 
test philosopher set himself to the task presented by these complicated trap¬ 
ping devices. 

The succeeding chapters take up genera or species for detailed considera¬ 
tion, and the chapters bear the following titles: Heliomphora; Sarracenia; 
Darlingtonia californica; Nepenthes; Cephalotus follicularis; Genlisea; By- 
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blis; Drosophyllum lusitanicum; Pinguicula; Drosera; carnivorous fungi; 
Dionaea; Aldrovanda; Utricularia, Biovularia and Polypompholyx; and the 
Utricularia trap. 

The illustrations occupy 38 plates at the close of the text, and these draw¬ 
ings help to make the text descriptions clear. It is a delightfully written 
account, and summarizes as well as can be done at present, the construction 
and operation of the trapping devices described. One can well imagine that 
the author of the work found the study most fascinating, and the work as a 
whole is a monument to Prof. Lloyd's industry and scholarship. 

The book is volume 9 in a series edited by Frans Verdoorn. The price of 
the book is $6.00 per copy. Orders may be sent to Waltham, Mass., The 
Chronica Botanica Co., or New York City, G. E. ftteehert and Co., the pub¬ 
lishers. 

Autonomic Regulations.—A book of interest to premedical and medical 
students, arfl£ of physiologists by Dr. Ernst Gelliiorn, of the College of 
Medicine of the University of Illinois, deals with autonomic regulations in 
the animal boTif^The general introduction presents the anatomical and 
physiological foundations of the subject. 

The second section deals with adjustment reactions involving primarily 
the respiratory and circulatory systems, such as adjustment reactions to 
carbon dioxide, anoxia, asphyxia, hemorrhage, hypoglycemia, and regula¬ 
tion of cerebral circulation. 

Part III discusses autonomic-endocrine integration; part IV, autonomic 
somatic integration; and part V with applications, and the physiological 
and clinical aspects of autonomic regulations. 

Although less valuable to plant physiologists than to animal and human 
physiologists, it should stimulate thinking in comparative terms of plant and 
animal reactions. It is a book of 373 pages, and is published by Interscience 
Publishers, Inc., 215 Fourth Ave., New York. The price is $5.50 per copy. 

Immunology.—A book on fundamentals of immunology, written by Dr. 
William C. Boyd, of the Boston University School of Medicine, surveys the 
information in this field. It contains eleven chapters, as follows: Immunity 
and immunology; antibodies and antibody specificity; antigens; cell anti¬ 
gens ; blood groups; antibody-antigen reactions; complement and complement 
fixation; anaphylaxis and allergy; allergy and immunity, bacteria, viruses, 
parasites; practical use of artificial immunity; and laboratory and clinical 
techniques. 

Certain phases of this work should be of particular interest to plant 
pathologists, and virus investigators. It is intended primarily for the 
student uf medicine and animal biology, but again has value in comparative 
physiology and pathology of animal and plant life. 

It contains 446 pages, and is quoted at $5.50 per copy. The publishers 
are Interscience Publishers, Inc., New York. Biological libraries should be 
expected to make works of this type available to all biological investigators. 
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A SYSTEM OP ANALYSIS FOR PLANT TISSUE BY USE OF 
* PLANT JUICE 1 

Frank S. Schlenker 

The utilization of expressed plant juice for determining the chemical 
constituents of a plant is becoming increasingly important. Itjwus the ad¬ 
vantage of presenting the products of metabolism in a state more similar 
to that found in living tissue than any of the more commonly used extraction 
methods. Conditions of state and equilibrium, however* ctf^f&obably never 
be identical for juice within and without the cell, for at the moment of cell 
rupture, the conditions that control living cellular activity are changed. To 
illustrate, if living leaf tissue is placed in an atmosphere of carbon dioxide, 
the juice becomes more basic (8), but if the cell liquid is expressed, and 
carbon dioxide bubbled through it, the juice becomes more acid. 

The first important studies of expressed juice were for the investigation 
of physical constants such as density, refractive index, freezing point, etc. 
This work has been summarized by Sastri and Sreenivasaya (21). Re¬ 
cently, attention has been paid to the inorganic and more particularly to 
the organic fractions, of plant juice including the sugars and nitrogen frac¬ 
tions. This paper is presented to describe methods for the determinations 
of a portion of the inorganic and organic constituents in plant juice extracts, 
and calculation of the results on a fresh weight basis. 

General methods 

Before a representative sample of juice can be obtained from the entire 
tissue studied, the plant material must be treated in some manner so that 
the contents of all cells are represented. For example, unrepresentative 
juice samples aie obtained by pressure alone, if the freezing point lowering 
is used as a criterion. This uncertainty may be obviated, to a large extent, 
by treating the sample in various ways: by grinding, freezing with solid 
carbon dioxide, liquid air, or eutectic mixtures; by vapors of volatile liquids 
such as ether or chloroform; or by autoclaving (1, 6, 7, 11, 12, 21)* The 
work of Saybe and Morris (22) with corn indicates that grinding is as 
effective in breaking cell walls as freezing. This is advantageous for there 

i Published with permission of the Director as Contribution no. 627 of the Rhode 
Island Agricultural Experiment Station. 


141 



142 


PLANT PHYSIOLOGY 


is some indication that during the freezing of tomato leaves the sucrose- 
reducing sugar equilibrium is shifted toward an increase in reducing 
sugars. Substances such as nitrates, inorganic phosphates, and total sugars 
are expressed in like amounts in successive fractions, after a preliminary 
grinding of corn tissue (23). Treatment of plant material by autoclaving 
at five pounds per square inch for 15 minutes gives results comparable to 
the freezing technique (7) and similarly causes the precipitation of proteins. 

For the data presented in this paper, the ordinary Nixtamal mill was 
used for grinding leaf samples. When samples were frozen, they were first 
cut and wrapped tightly in a cheese-cloth bag, exposed to carbon dioxide 
snow as it was formed at the end pf a copper tube attached to the tank of 
liquid carbon dioxide. This gave rapid and complete freezing of a 100-gram 
sample in less than a minute. Unless otherwise stated, all frozen samples 
used in this study were so treated. 

It is evident that the preliminary treatment of plant tissue depends upon 
the substances to be determined. Grinding is apparently adequate for all 
circumstances and its only evident disadvantage, in comparison with freez¬ 
ing or autoclaving, is that the resulting juice contains large quantities of 
debris and protein. Where proteins must be removed, their partial elimina¬ 
tion by freezing or autoclaving is helpful. 


Determination of physical constants 


Sayre and Morris (23) have proposed a formula 2 whereby the various 
plant constituents can be determined by analysis of expressed juice and the 
results calculated to the fresh-weight basis. The values obtained were com¬ 
parable to those secured by an alcohol extraction. Using this equation as a 
basis, it was advisable to examine the methods available for the determina¬ 
tion of specific gravity, total solids of plant juice, and the total moisture 
of the leaf material since these values are necessary for the calculation. 

For the determination of specific gravity three methods are available: 
the Westphal balance, hydrometer, and pycnometer. In a series of 20 juice 
samples of beet and tomato leaves using the methods mentioned, the average 
values obtained were 1.036, 1.025, 1.022, respectively. In all instances the 
agreement between these methods was sufficiently accurate so that any one 
could be used. The hydrometer method, however, is by far the most rapid 
and convenient. 

Qortner (13) has demonstrated the possibility of determining total solids 
and subsequently the moisture content of plant juice with the refractometer. 
This method has been shown (17) to give high results in comparison with 
oven drying for juice samples of soybean, com, wheat, and oats. Sayre and * 
Morris (23) found that for corn it was necessary to correct the total solids 
determined by refractometer when leaf juice was used, but no correction was 
needed for juice from stalk tissue. 


a Percentage of sugar in tissue = 


Gm. of sugar in Total moisture 
100 ml. sap x of tissue in gm. 
Gm. of moisture in 100 ml. sap 
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In the present study a comparison has been made between the toluene 
distillation method (3) for moisture in plant juice and the refractometer 
method. The refractometer was adjusted to give the theoretical value for 
water at 20° C. The scale reading gives the refractive index of the juice 
directly, and Schonrock's (2) table was used to translate refractive index 
values to total solids. The percentage of juice moisture is the difference 
between the percentage of total solids and 100. In table I, the results by 
the above mentioned methods are expressed in terms of moisture content 
rather than total solids. 

The estimation of total moisture in leaf tissue was also made by oven 
drying at 100° C. for 24 hours. In order to be assured of the accuracy of 
this method it was examined in two ways. First, samples were prepared by 
cutting the leaves into small sections and weighing aliquots into aluminum 
dishes. One series was frozen with carbon dioxide snow, the other was 
untreated. The freezing technique was introduced to make certain that the 
cell walls were broken so that all leaf moisture could be removed. Using 
juice from tomato leaves and beet leaves and beet petioles the agreement 
between frozen and non-frozen samples was within 0.5 per cent. Similarly, 
with the same tissues the average of six determinations gave the following 
results: oven drying, 86.88 per cent.; toluene distillation, 86.75 per cent, 
moisture. 

Chemical methods 

In a study of the nitrogen metabolism of plants certain fractions are 
usually determined; nitrate, ammonia, alpha-amino, amide, and total nitro¬ 
gen. Carbohydrate analyses usually include sucrose and reducing sugars, 
which in turn may be divided into glucose, fructose, and non-sugar reducing 
substances. 

Nitrate nitrogen.—Burrell and Phillips (4) for alcohol extracts and 
Frear (10) for plant juice have shown that clarification of plant juice is 
possible with silver sulphate, copper sulphate, and a mixture of calcium 


TABLE I 


Percentage of moisture in juice from beet leaves as determined by refractometer 

AND TOLUENE DISTILLATION METHODS 



hydroxide and magnesium carbonate oi* ealcium hydroxide alone. Burrell 
states that it was* necessary to make a preliminary treatment with sodium 
peroxide for alcoholic extracts. Frear did not try this fofr plant juice but 
secured satisfactory results. Nitrate is then determined in the clarified 
juice by the phenol-disulphonic acid method (15). 
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Ammonia nitrogen. —While studying the various methods for ammonia, 
Schlenker (24) found that when either 52 per cent, potassium carbonate 
or heavy magnesium oxide was added to plant juice and the sample aspi¬ 
rated, there was a rapid evolution of ammonia during the first two hours 
but that with continued aeration ammonia continued to be given off in small 
amounts over a long period of time. A more satisfactory procedure for the 
determination of ammonia was devised by shaking juice with 2.0 ml. of 
sodium permutit (Folin) for 5-7 minutes to adsorb the ammonia, then 
removing the juice by washing, thus eliminating the glutamine and aspara¬ 
gine. Ammonia is freed from the permutit by sodium hydroxide and 
aspirated as usual the Van Slvke-Gullen aspiration block. 

Pucher (19) later reported that the amide nitrogen of glutamine is 
hydrolyzed quite readily, more easily than that of asparagine. Therefore, 
it is to be expected that when glutamine is present in a plant juice which 
is treated with an alkali such as potassium carbonate and aspirated, some of 
the glutamine amide nitrogen will be included with that of the preformed 
ammonia. It can be shown that asparagine is only slightly hydrolyzed by 
potassium carbonate (27). 

Gerdel (11) modified the Session and Shive method for the determina¬ 
tion of ammonia and nitrate nitrogen; but, as this method is based on the 
release of ammonia directly from plant material in the presence of alkali, 
high results are obtained. 

Alpha-amino nitrogen. —The Van JSlyke (30) method for the estima¬ 
tion of amino nitrogen has been examined by Stuart (29) who found that 
high results are obtained when using water or alcoholic plant extracts. A 
number of substances such as ammonia, dihydroxy phenols, and tannic acid 
were found to yield nitrogen with nitrous acid. Several means were used 
to eliminate these error-producing substances. The lowest amino nitrogen 
values were obtained after adding calcium oxide and using vacuum aspira¬ 
tion at 40-45° C. for one hour with subsequent removal of excess lime. It 
was further demonstrated that amino acid and asparagine nitrogen could be 
recovered quantitatively after this treatment. It is probable, however, that 
a portion, if not all, of the glutamine present was destroyed during the 
vacuum distillation. 

Ninhydrin, a specific reagent for alpha-amino acids, has been used to 
determine the amino nitrogen in plant extracts (28). If the results using 
this rpagent are taken as true values, the figures obtained by the nitrous acid 
method are too high even after treatment with lime. The reliability of the 
nitrous acid method depends on the extent to which interfering substances 
can be removed and apparently lime treatment is insufficient. In the use of 
ninhydrin it is necessary to precipitate proteins and desirable to remove 
preformed ammonia. Because of specificity, methods using ninhydrin will 
undoubtedly give results that are close to the true alpha-amino nitrogen 
content of plant extracts. 

Glutamine and asparagine amide nitrogen. —These amides are usually 
determined together by hydrolysis with normal sulphuric acid but Chibnall 
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and Westall (5) and Vickery et al. (31), by adjusting the hydrogen-ion 
concentration of the solution were able to hydrolyze glutamine in the pres¬ 
ence of asparagine, with the inclusion of only a small amount of the latter. 
At pH 6.0-6.5 between 98.5 and 99.0 per cent, of glutamine amide nitrogen 
is hydrolyzed after two hours at 100° C. In the presence of normal sul¬ 
phuric acid for three hours both amides are completely hydrolyzed. Aspara¬ 
gine amide nitrogen is obtained by difference on the assumption that only 
these two amides are present. This procedure has been applied to plant 
juice (27). 

Pucher (20) developed a method for the estimation of glutamine which 
supplements the method just described. This was based on the ethyl-acetate- 
extraction of the pyrrolidone-carboxylic acid formed during the nearly 
neutral hydrolysis of glutamine. After extraction the carboxylic acid was 
hydrolyzed to glutamic acid. By determining amino nitrogen before and 
after the second hydrolysis the amount of glutamine present was calculated. 

Orcutt and Wilson (18) advocate the use of 20 per cent, sodium bisul¬ 
phite to avoid humin formation which occurs during the determination of 
total amide by 10 per cent, sulphuric acid. It is probable that bisulphite 
may be used on juice samples to avoid the necessity of precipitating the 
protein fraction. Determinations of total amides were made on protein- 
free and protein-containing juice treated with 10 per cent, sulphuric acid 
and 20 per cent, sodium bisulphite (table II). 

Tt is evident that bisulphite is sufficiently active to hydrolyze plant juice 
proteins so that it is necessary to remove these proteins before using this 
reagent; the same holds true for sulphuric acid. 

Determination of sugars. —The colorimetric method of Folin (9) using 
an alkaline copper tartrate oxidizing solution gives satisfactory results with 
plant juice (25, 26). In the preparation of the tissue extract, freezing is 
not always a satisfactory method, for in some instances during this process 
there is a shift in the sucrose-reducing sugar equilibrium with an increase 
in the reducing sugars. In tomato leaf reducing sugar increased 0.13-1.70 
mg. per ml. of juice. This difference is not due to sampling errors for, when 
a sample of plant juice expressed from ground beet leaf was divided into two 
portions and only one portion frozen, its reducing sugar content was in¬ 
creased by 0.39 mg. per ml. as compared with the unfrozen juice sample. 

However, storage of corn leaves or juice from the same samples of corn 
leaves in a cold storage room at approximately 0° C. for a period of over 
a month had no effect on the sucrose-reducing sugar equilibrium (unpub¬ 
lished data). 

Procedure for analysis 
Standards 

The proposed methods for nitrogen compounds, with the exception of 
nitrate, are all based on the colorimetric determination of ammonia by 
Nesslerization after alkaline aspiration. The sugar methods depend on the 
reduction of phospho-molybdate reagent by cuprous oxide and comparison 
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of the resulting blue solution with a standard in a colorimeter. No one set 
of working standards can be recommended because of the great variations 
in concentrations of plant constituents, depending on a number of factors. 
The dilute stock standards generally used were as follows: 40 mg. ammonia 
nitrogen per liter from ammonium sulphate, 200 mg. glucose (Bureau of 
Standards) per liter, and 10 mg. nitrate nitrogen per liter from potassium 
nitrate. 

TABLE II 

Total amide-nitrogen in clarified and unclarified beet juice 


Treatment 

Amide-nitrogen per milliliter 

OF PLANT JUICE 

10% h*so 4 

20% NaHSOa 


mg. 

mg. 

Unclarified 

0.0167 

0.0117 

Clarified* 

0.0020 

0.0050 

Unclarified 

0.0696 

0.0486 

Clarified 

0.0150 

0.0147 


* Clarified by 20 per cent, tannic acid solution. Preformed ammonia removed from 
all samples. 


Ammonia is aspirated into approximately 0.01 normal sulphuric acid and 
determined in all cases by Nesslerization. After aeration the samples are 
transferred to 50-ml. volumetric flasks and made up to within 3 ml. of the 
mark, mixed, and Nessler’s reagent added. Aliquots are so chosen that the 
ammonia nitrogen concentration in the final dilution is never greater than 
0.0016-0.004 mg. per ml. 

If a photoelectric colorimeter is available the use of transmission-concen¬ 
tration curves dismisses the need of working standards. 

Preparation of sample 

Grind the sample in a Nixtamal mill or freeze with solid carbon dioxide 
and allow to thaw. Express the juice by means of a hydraulic press and 
centrifuge the resulting juice. Determine total solids by the Abbe refrac- 
tometer and specific gravity with a hydrometer. Dry a fresh leaf sample 
in an oven at 100° C. overnight for total moisture. 

Total soluble nitrogen 

Filter plant juice through asbestos to remove all suspended material. 
Pipette a suitable aliquot and 1 ml. of an acid mixture 8 into a large Pyrex 
test tube and add a glass bead. To insure the reduction of nitrate add a 
small amount of zinc, and heat if necessary. Heat over a small flame to 
complete digestion. Place the tubes in an aspiration block, make the usual 
connections, add 1 ml. of toluene and sufficient sodium hydroxide to make 
the mixture alkaline, and aspirate. 

For soluble inorganic nitrogen, an alternative procedure is available (11). 

8 5 ml. 5 per cent. CuS0 4 , 30 ml. 85 per cent. HaPO*, 10 ml. concentrated H s S0 4 . This 
combination is mixed 1: 1 with water and used as suggested in the text. 
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Place an aliquot in the tubes in the aspiration block, add Devarda’s alloy, 
and then alkali, causing reduction of nitrates during the alkaline rather than 
the acid stage. This requires a long aspiration period. 

Nitrate nitrogen (10) 

Pipette a juice aliquot, 1 or 2 ml., in a 100-ml. volumetric flask containing 
50 ml. water and 1 or 2 ml. of 5 per cent. CuS0 4 * 7 H 2 0, mix and add a suffi¬ 
cient volume of saturated Ag 2 S0 4 solution to precipitate chlorides. Finally 
add enough solid Ca(OH) 2 MgC0 3 , 4 + 10 mixture, to precipitate excess 
copper. Make to volume, mix, and filter through a dry paper. Evaporate 
a 25-ml. aliquot of the sample to dryness. Prepare a standard by evapora¬ 
ting 10 ml. of a solution containing 10 p.p.m. of N from KNO s to dryness. 
Add 1 ml. of phenoldisulphonic acid solution and allow to react with the 
nitrate. Then add water followed by sodium hydroxide until the character¬ 
istic yellow color appears. Dilute the standard and sample to 100 ml. and 
compare in a colorimeter. 

Ammonia nitrogen (24) 

Add 1 to 5 ml. of juice to 2.5 ml. of permutit (Folin) in an ammonia 
aspiration tube and shake at least three minutes. Kemove extraneous juice 
by washing with water and decanting a sufficient number of times to remove 
all color. To the permutit add approximately 5 ml. of water and 1 ml. of 
toluene. Place the tubes in an aspiration block and add 4 ml. of 10 per cent. 
NaOH; connect the apparatus and aspirate 2.5 hours into approximately 
0.01 N H 2 S0 4 . To reduce the time, the reaction tubes may be immersed in 
a water bath at 55-60° C. and aspirated 30 minutes. If ammonia is deter¬ 
mined by Nessler’s reagent the normality of the acid need only be approxi¬ 
mate. 

Clarification of juice sample for the determination of amide and alpha- 

amino NITROGEN 

Treat 10 ml. of juice with 5 ml. of 5 per cent, sodium tungstate in 0.33 N 
H 2 S0 4 . After proteins and colored substances have been precipitated, 
centrifuge to remove suspended material. Pour a sample of the supernatant 
liquid into a test tube and shake with a sufficient amount of permutit to 
remove preformed ammonia. 

Amide nitrogen (27) 

•Pipette 5 ml. or less of the protein- and ammonia-free juice into an am¬ 
monia aspiration tube; add 1 ml. 6 N H 2 S0 4 and sufficient water, if neces¬ 
sary, to make the total volume 6 ml. At.the same time place 10 ml. of phos¬ 
phate buffer pH 6.0-6.5 in a second ammonia tube and add a suitable aliquot 
of the protein and ammonia-free juice. Place both tubes, fitted with stop¬ 
pers containing capillary tubes, in a boiling water bath. Hydrolyze the 
first tube three hours for total amide nitrogen, and the second tube two 
hours for glutamine amide nitrogen. At the end of the period, cool the 
tubes, place in an aspiration block, and add 1 ml. of toluene. For total 
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amides add 3-4 ml. of a 10 per cent. NaOH solution. To make the glutamine 
tube alkaline add 2 ml. of 52 per cent. K 2 C0 3 . Aspirate and determine 
ammonium nitrogen as above. The difference between total amide nitrogen 
and glutamine amide nitrogen is considered to be asparagine amide nitrogen. 

Amino nitrogen (28) 

Transfer a protein- and ammonia-free sample containing not more than 
0.20 mg. alpha-amino nitrogen into an ammonia tube, add 1 ml. phosphoric 
acid (2 ml. 85 per cent. H 3 P0 4 + 1 ml. H 2 0) and 0.5 ml. ninhydrin solution 
(15 mg.). Close the tube with a stopper containing a capillary glass tube 5 
cm. long. Place in a boiling water bath for 45 minutes. Remove to an 
aspiration block, add 4 ml. saturated NaOH solution and aspirate 30 minutes 
at 50-60° C., or two hours at room temperature. Determine ammonia by 
titration or Nesslerization. In samples where glutamine and asparagine are 
extremely high due to abnormal environmental conditions, it is advisable 
to utilize the sample used for the determination of total amides. After the 
removal of total amide nitrogen as ammonia, adjust the contents of the tube 
containing the alkaline mixture to pH 1.0 with concentrated phosphoric 
acid, add 15-30 mg. of ninhydrin, and place the tube in a boiling water bath 
for 45 minutes. After cooling determine the ammonia by alkaline aspira¬ 
tion as previously described. 

Clarification of juice for the sugar determination 

Pipette an aliquot of juice, 1 or 2 ml., into a centrifuge tube (15 or 50 
ml.) and dilute to 10 ml.; add 1 or 2 ml. saturated neutral lead acetate solu¬ 
tion and centrifuge. Add 10 per cent. Na 2 HP0 4 solution until the sugar 
solution is blue to bromthymol blue, dilute to volume, and again centrifuge. 

Determination of total sugar (25) 

Transfer an aliquot of the clarified plant juice to a Folin sugar tube, 
add 2 drops of a 0.5 per cent. Wallenstein’s invertase scale preparation. 
After letting stand for two hours at room temperature, make the solution 
alkaline and add 2 ml. of Folin alkaline copper tartrate (9). Place the 
tubes in a boiling Water bath for 15 minutes, remove and cool, and add the 
acid molybdate solution for color development; make the solution to volume. 

Reducing sugar 

Determine this fraction in the lead-free, clarified juice, using a 1- or 2-ml. 
aliquot, by the Folin alkaline tartrate method mentioned above. 

Non-sugar reducing substance (26) 

Place 2 ml. of a thoroughly washed 10 per cent, yeast suspension in a 
15-ml. centrifuge tube- and centrifuge to destroy the suspension. Pour off 
the supernatant liquid and dry the sides of the tube thoroughly with strips 
of filter paper. Add an aliquot of clarified juice or fresh juice, about 4 ml., 
and stir. The tube is placed in a water bath at 37-39° C. and agitated 
frequently. Centrifuge after 20 minutes and determine residual reducing 
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power of the sample. This value is used to correct the results for total and 
free reducing sugars. 

Summary 

This paper summarizes efforts during a considerable period to select and 
adapt chemical methods for the analysis of plant juice. Most of the pro¬ 
cedures are applicable to other types of plant extracts. The nitrate and 
sugar methods, however, cannot be used with alcohol or water extracts if a 
visual colorimeter is used because the precipitating reagents involved do not 
give the necessary colorless filtrates. 

The Rhode Island Agricultural Experiment Station 
Kingston, Rhode Island 

LITERATURE CITED 

1. Andre, G. Sur la composition des liquides qui circulent dans la 

vegetal; variations de 1’azote dans les fcuilles. Comp. Rend. Acad. 
Sci. (Paris) 142: 106-108. 1906. 

2. Association of Official Agricultural Chemists. Official and tentative 

methods of analysis, p. 622. 1935. 

3. Bidwell, G. L., and Sterling, W. F. Preliminary notes on the direct 

determination of moisture. Jour. Assoc. Official Agr. Chem. 8 : 
295-301. 1934. 

4. Bitrrell, R. C., and Phillips, T. G. The determination of nitrate 

nitrogen in plants. Jour. Biol. Chem. 65: 229-334. 1925. 

5. Chibnall, A. C., and West all, R. G. The estimation of glutamine in 

the presence of asparagine. Biochem. Jour. 26: 122-132. 1932. 

6. Dixon, H. II., and Atkins, W. R. G. Osmotic pressure in plants. 

Methods of extracting saps from plant organs. Sci. Proc. Roy. 
Dublin Soc. n.s. 13: 422-438. 1913. 

7. Doneen, L. D. Method for the preparation of green plant material 

for extraction of juice. Plant Physiol. 9: 839-843. 1934. 

8. Fife, J. M., and Frampton, V. L. The effect of carbon dioxide upon the 

pH and certain nitrogen fractions of the sugar beet plant. Jour. 
Biol. Chem. 109 : 643-655. 1935. 

9. Folin, Otto. Two revised methods for blood sugar determination. 

Jour. Biol. Chem. 82: 83-93. 1929. 

10. Freak, D. E. Estimation of nitrate nitrogen in plant juices. A study 

of the expression and clarification of the juice. Plant Physiol. 5: 
359-371. 1930. 

11. Gerdel, R. N. Determination of the inorganic nitrogen in the corn 

plant by the expressed sap method. Plant Physiol. 7: 517-526. 
1932. 

12. Gortner, R. A., Lawrence, J. V., and Harris, J. A. The extraction 

of sap from plant tissue by pressure. Biochem. Bull. 6: 139-142. 
1916. 

13 . -and Hoffman, W. F. Determination of moisture con¬ 

tent of expressed plant tissue fluids. Bot. Gaz. 74: 308-313. 1922. 



150 


PLANT PHYSIOLOGY 


14. Greathouse, G. A. The effects of the physical environment on the 

physico-chemical properties of plant saps and the relation of these 
properties to leaf temperature. Plant Physiol. 7 : 349-390. 1932. 

15. Harper, J. H. The accurate determination of nitrates in soils. Ind. 

& Eng. Chem. 16: 180-183. 1924. 

16. Kendrick, A. B., and Hanke, M. E. The use of iodine and other modi¬ 

fications in the Van-Slyke manometric nitrogen method. Jour. 
Biol. Chem. 117: 161-174. 1937. 

17. Newton, R., and Martin, W. M. Physico-chemical studies on the 

nature of drought resistance in crop plants. Canadian Jour. Res. 
3 : 336-383. 1930. 

18. Orcutt, F. S., and "Wilson, P. W. Biochemical methods for the study 

of nitrogen metabolism in plants. Plant Physiol. 11: 713-719. 
1936. 

19. Pucher, G. Reported at meeting at the Northeastern Section of the 

Amer. Soc. of Plant Physiol., Amherst, Mass. May 25, 1934. 

20. -, and Vickery, H. B. A method for determining glu¬ 

tamine in plant tissue. Ind. & Eng. Chem. Anal. Ed. 12 : 27-29. 
1940. 

21. Sastri, B. N., and Sreenivasaya, M. The study of plant tissue fluids, 

a critical review. Current Sci. 3: 9-11, 52-58, 150-151. 1934. 

22. Sayre, J. D., and Morris, V. H. The use of expressed sap in physio¬ 

logic studies of corn. Plant Physiol. 6: 139-148. 1931. 

23. -, and-. Use of expressed sap in determining 

the composition of corn tissue. Plant Physiol. 7: 261-272. 1932. 

24. Schlenker, F. S. Comparison of existing methods for the determina¬ 

tion of ammonia nitrogen and their adaptability to plant juice. 
Plant Physiol. 7: 685-695. 1932. 

25. -. The quantitative microanalysis of plant juice for re¬ 

ducing sugars and sucrose. Jour. Biol. Chem. 102 : 29-34. 1933. 

26. -. Non-reducing substances in plant juices. Jour. Biol. 

Chem. 117: 727-731. 1937. 

27. -. Determination of ammonia, asparagine and glutamine 

in plant juice. Plant Physiol. 15 : 701-709. 1940. 

28. -■. Unpublished results. 

29. Stuart, N. W. Determination of amino nitrogen in plant extracts. 

Plant Physiol. 10: 135-148. 1935. 

30. Van-Slyke> D. D. A method for quantitative determination of ali¬ 

phatic amino groups. Jour. Biol. Chem. 9:185-204. 1911. 

31. Vickery, H. B., Pucher, G. W., Clark, H. E., Chibnall, A. C., and 

Westall, R. G. The determination of glutamine in the presence 
of asparagine. Biochem. Jour. 29 : 2710-2720. 1935. 



EFFECT OF SALT CONCENTRATION, KIND OF SALT, AND 
CLIMATE ON PLANT GROWTH IN SAND CULTURES 1 


O. C. Magistad, Alvin D. Ayers, C. H. Wadleigh, 
and H. G. Gauch 

(with nine figures) 

Introduction 

Many western fanners believe that soil alkali is more detrimental to crop 
growth during the hot weather than during the cooler seasons of the year. 
Other agricultural workers have noted that damage to crops due to alkali 
(soil salinity) is more serious in the hot interior valleys than along the coast 
where the climate is more moderable. It is not definitely known whether or 
not soil salinity concentrations are comparable between different seasons of 
the year or between respective areas. Yet, information on this question is 
pertinent to the development of management practices which would aid in 
ameliorating soil salinity conditions at different seasons of the year and 
under different climatic conditions. 

In order to obtain definite information on this question, the Regional 
Salinity Laboratory planned a series of experiments to determine the toler¬ 
ance of crop plants to the salts commonly found in irrigation waters and 
soils, and to what extent climate modified these effects. This paper presents 
a resume of the more pertinent results from these experiments conducted 
during 1939,1940, and 194]. 

Trelease and Livingston (10) were among the earliest authors to find 
that climatic conditions modified the crop growth obtained with the same 
culture solutions and to suggest that studies should be made on the effect 
of climate in modifying plant responses. 

In 1938 Ahi and Powers (1) grew salt grass, alfalfa, and strawberry 
clover in the same culture solutions in greenhouses held at 55° and 75° F. 
Th/?y found germination and growth to be poorer at the higher temperature. 

Hayward and Long (6), and Wall and Hartman (11) have also pub¬ 
lished results indicating that climatic factors modify the action of salt on 
plants. 

The amount of salt which plants can tolerate in sand cultures under nor¬ 
mal climatic conditions has been reported by many authors, and the reader 
is referred to recent reviews by Eaton (5), and Hayward and Long ( 6 ). 
In general, salt tolerant plants can continue growth in nutrient solution at 
concentrations exceeding 6 atmospheres, while salt sensitive plants may suc¬ 
cumb at solution concentrations below 2.5 atmospheres. 

Experimentation 

The work was done during the summers of 1939,1940, and 1941 in large 

i Contribution from the TJ. 8. Kegional Salinity Laboratory, Bureau of Plant Industry, 
Biverside, California, in cooperation with the eleven Western states and the Territory of 
Hawaii 
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outdoor sand cultures at three locations, each having a distinctly different 
climate. These locations were Torrey Pines, near San Diego; Riverside; 
and Indio, in the Coachella Valley. The location of these places in South¬ 
ern California is shown in figure 1. In spite of the diversity of climates the 
three locations were so near each other that the work could be adequately 
supervised and coordinated from Riverside. The stations were also in the 
same approximate latitude so that length of day was essentially the same at 
all three. 

The sand cq^ture tanks have been described by Baton (4) and each had 
a growing areafbf 3.248 square meters and a reservoir of culture solution 
containing 24W|titers. By means of motor pumps and time clocks the sand 
bed could be flooded with the culture solution at definite time intervals, thus 
bathing the plant roots in the culture solution, providing aeration, and in¬ 
suring against accumulation of salts on the surface of the sand. The culture 



Fig. 1. Outline map of Southern California showing location of Salinity experiments 
to test effect of climate. These tests were conducted at Riverside, Indio, and Torrey Pines. 

solution drained through the sand to the reservoir below. The sand con¬ 
tained 0.2 per cent, magnetite to provide the iron needed by crops as sug¬ 
gested by Chapman (2). The composition of the culture solutions used in 
1941 is given in table I. They were maintained at about pH 6.5. 

The salts used in making up these solutions were carefully selected for 
low contents of boron and heavy metals. 

Growth responses obtained in these culture solutions are believed to be 
qualitatively characteristic of plant growth in soil solutions of equal salt 
content, but it should be borne in mind that drainage, aeration, nutrient 
supply and other growth factors will differ in soils from conditions found 
in sand culture beds. 

Effect of salt concentration 

Early investigators, who conducted culture solution experiments to ex¬ 
plain the action of alkali on crops in the field, have shown that at high salt 
concentrations growth is reduced. In figure 2, results of this nature are 
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shown for Early Wonder garden beets, Early French forcing carrots, and 
Weber wax beans grown in culture solutions of varying chloride concentra¬ 
tion at Riverside during 1941. 

The nutrient concentrations reported in figure 2 are given in terms of 
atmospheres of osmotic concentration. It is recognized that workers in the 
field of salinity have used a number of other indices to measure the con¬ 
centration of salt on a soil or soil solution basis, such as parts per million, 
milligram equivalents per liter, equivalents per million, conductance 2 of a 
soil paste, and conductance of a soil extract, in addition to osmotic values 
of soil solutions or culture solutions. In this paper osmotic concentration 
RELATIVE 



OSMOTIC CONCENTRATION-ATMOS. 

Fig. 2. Differential effect of culture solutions of varying concentration on growth 
of various plant species. 

1 in atmospheres of the culture solution as determined by freezing point de¬ 
pression is used as our basic index. There seems to be increasing evidence 
( 4 , 5 , 8 ) that water absorption is related to, or a part of, salinity effects, and 
osmotic values correlate with such phenomena. Table I gives values for the 
culture solutions used in 1941 in terms of milligram equivalents per liter, 
parts per million, conductance, and osmotic concentration. 

The results shown in figure 2 are representative of a number of tolerance 
tests and were obtained at Riverside in the chloride series. The yield of 
plants grown in the base nutrient solution can be taken as 100 per cent., and 

* Specific electrical conductances are given in reciprocal ohms and multiplied by 10& 
to avoid decimals.4&£pe values are therefore given in terms of K x 10<* at 25° 0. 




MAGISTAD ET AL.: SALT CONCENTRATION 


155 


yields obtained in the 2.4 and 4.4 atmosphere culture solutions plotted as a 
percentage of the base yield. When this is done the relationship of yield 
to substrate concentration is nearly linear. 

It is clear from the data in figure 2 that in the case of beans the per¬ 
centage decrease in growth from 0.4 atmospheres to 2.4 atmospheres is equal 
to the decrease from 2.4 atmospheres to 4.4 atmospheres. The yield of car¬ 
rot roots shows the same uniform percentage decrease in growth for each 
additional atmosphere of nutrient concentration. In the case of garden 
beets the yield at 2.4 atmospheres is greater than the mean of yields at 0.4 


GMS.PER PLANT 
t GREEN WEIGHT 



Fig. 3. The relative yield of garden beet roots grown in culture solutions of chloride, 
sulphate, and mixed chloride-sulphate salts at indicated osmotic concentrations. A mea¬ 
sure of the accuracy is given by the length of the line S.E. (Standard error). 


and 4.4 atmospheres, but the deviation from this mean is not statistically 
significant. 

The relationship shown between yield and osmotic concentration is al¬ 
most equally good between yield and conductance of the culture solution. 
This follows because conductance and osmotic concentrations of the solutions 
are directly related. This is shown by data in table I. These data show 
that the ratio of conductance to atmospheres of osmotic concentration lies 
between 250 and 300, depending on concentration and the nature of the salt 
present. 
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Differences in salt tolerance exhibited by various plant species 

Field experience has shown that some plants like Atriplex, Russian olive, 
sugar beets, and cotton have a high tolerance to salts, while others, such as 
beans and squash, are much less tolerant. Differences in tolerance to salin¬ 
ity exhibited by plant species are shown by the data in figure 2. The slope 
of the yield line is an index of tolerance, and beans with a steep slope are 
the least tolerant of the three crops shown. In fact at 4.4 atmospheres no 
fruit yield was obtained in the case of beans whereas a 68 per cent, yield 
of beets was harvested at this same concentration. Yield records at River- 
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Pig. 4. The relative yield of carrots grown in culture solutions of chloride, sulphate, 
and mixed chloride-sulphate salts at indicated osmotic concentrations. A measure of the 
accuracy is given by the length of the line 8.E. (Standard error). 

side in the presence of chloride solutions suggest the following order for 
decreasing crop tolerance: Sugar beets, table beets, cotton, alfalfa, cowpeas, 
tomatoes, milo maize, carrots, squash, onions, and beans. 

Effect of anion 

The ions most prevalent in saline irrigation waters are sodium, calcium, 
and magnesium among the cations; and sulphates, chlorides, and bicar¬ 
bonates among the anions. Almost always these six ions are found in the 
irrigation water or soil solutions and earlier investigators have studied the 
systems with a view toward determining if any one or more of the ions was 
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particularly toxic to plant growth. Such experiments have not been easy 
to conduct because equal quantities of cations and anions must be present 
in a culture solution, as well as the necessary plant foods. The action of 
particular anions has usually been obtained by comparison with equal moles 
or equivalents of anions in combination with the same cations in the culture 
medium. The results of experiments in 1939 and 1940 in which equal moles 
of chlorides and sulphates were compared suggested that comparable re- 


GMS. PER PLANT 
GREEN WEIGHT 



Fig. 5. The relative yield of beans grown in culture solutions of chloride, sulphate, 
and mixed chloride-sulphate salts at indicated osmotic concentrations. A measure of the 
accuracy is given by the length of the line S.F. (Standard error). 

sponse might be secured if the culture solutions were prepared on an equal 
osmotic basis. This was done in 1941. The yields obtained on this basis 
for beets, carrots, and beans are shown in figures 3, 4, and 5. At equal 
osmotic concentrations the yield of these crops did not differ appreciably. 

The data obtained in 1939 and 1940 for alfalfa show that chlorides were 
more toxic than sulphates at approximately equal osmotic values. This has 
also been found to be true for peaches (7). These results would indicate 
that for some crops chlorides and sulphates at equal osmotic concentrations 
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are equally harmful, while with other crops, chlorides are more toxic than 
sulphates at approximately equal osmotic values. More equivalents of sul¬ 
phates than of chlorides are required to produce a given freezing point 
depression or osmotic value. Furthermore, the sulphate ion is somewhat 
heavier than the chloride ion. These facts explain why plants can withstand 
far greater amounts of sulphate than chloride when expressed on a parts per 
million basis. J 

Effect of cation 

During 1939, sand culture tests were conducted which included treat¬ 
ments in which calcium, magnesium, and sodium each predominated. Thus 
in one treatment 95 equivalents out of a total of 111 were supplied as cal¬ 
cium ; in another 95 out of 112 were supplied as magnesium; and in a third 
47 out of 62 were supplied as sodium. Other treatments usually had 50 per 
cent, of the cations as sodium and 25 per cent, each as calcium and mag¬ 
nesium. Using data from 8 crops, some of them at 3 locations, and making 
comparisons at approximately equal osmotic concentrations yields were 
found to be slightly better when calcium was the predominant cation than 
when the ratio was 50 per cent, sodium, 25 per cent, calcium and 25 per cent, 
magnesium. The increase in yield due to a predominant calcium salt was 
^particularly marked in the case of alfalfa. 

Where magnesium was the predominant cation, yields were usually lower 
than when calcium or sodium was preponderant. 

Where sodium constituted 76 per cent, of the cations present in terms of 
milliequivalents per liter, the yields were approximately the same as when 
the ratio of sodium to total cations was 50 per cent. Thus in sand cultures 
where the physical condition of the substrate is not a problem, sodium in the 
ratios used does not appear to be a particularly injurious cation for the 
plants grown. 

Effect of climate in modifying the effect of salts on 

PLANT GROWTH 

It was believed that the effect of a certain salt concentration in reducing 
the relative yield would not be the same in two widely different climates. 
Thus if 2.4 atmospheres will reduce the yield of beans to 50 per cent, of 
normal at Riverside, should we expect the same yield reduction in a hotter 
climate where transpiration would be greater t This is an important ques¬ 
tion because if Experimental data showed that climate did not modify the 
effect of salts on plant growth, it would be possible to carry on experiments 
at one location and expect similar results to be obtained under all climatic 
conditions. 

In 1940 onions were grown at the three locations in a base nutrient solu¬ 
tion, and in this base nutrient solution plus added chloride, sulphate-chloride 
mixture, ^and sulphate salts which had osmotic concentrations of 4.1, 4.3, and 
4.5 atmospheres, respectively. Data on climate for the month of July at 
the three test locations are given in table II. 
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Prom data given in table II we note that sunshine at the three locations 
during July is nearly equal. At Torrey Pines, because of its location within 
1 mile of the ocean, relative humidities are high and temperatures are 
equable. At Indio, on the other hand, temperatures are high, noon humidi- 



.4 ATMOSPHERE, CONTROL 



4.1 ATMOSPHERES, CHLORIDE 



4.5 ATMOSPHERES, SULFATE 



4.3 ATMOSPHERES, 


CHLORIDE-SULFATE MIXTURE 

* ^ 

FlO. 6. Haps||t yields of onions^ grown at three locations and at varying osmotic 
concentrations of^rimtrate. 

W 

ties are low, and evaporation is high. Riverside has an intermediate climate 
with warm, days and cool nights. Onions were grown during the period 
April 16 to July 26,1940, and during the earlier part of this growth period 
the climatic conditions at the three stations were more similar than in July. 
A picture showing onion yields is shown in figure 6. 
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EFFECT OF SALT CONCENTRATIONS ON RELATIVE 
GROWTH OF ONIONS AT THREE DIFFERENT LOCATIONS 

Fig. 7. Effect of salt concentration on relative growth of onions at three different 
locations. 


One can compare the effect of salt, of climate, and of climate on salt 
effect at the three stations when the yields are placed on a common basis with 
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OSMOTIC CONCENTRATION-ATMOSi 

Fig. 8. Effect of salt concentrations on relative growth of roots of garden beets at 
three different locations. A measure of the accuracy is given by the length of the line 
S.E. (Standard error). 
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yield at each location in the base nutrient taken as 100. Actual yields in 
the base nutrient cultures at Indio, Riverside, and Torrey Pines were 5913, 
6878, and 4577 grams of fresh bulbs respectively. 

The data in figure 7 have been prepared on the relative basis and show 
that the yield of onions was only slightly reduced at the high salt concen¬ 
trations at Torrey Pines. At Indio the reduction in relative growth at 
osmotic concentration of 4.1 to 4.5 atmospheres was very great, nearly 100 
per cent. At Riverside the relative growth reductions were nearly as great 
as at Indio. This test involved three replicates and the regression lines are 
all significantly different from each other. 
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OSMOTIC CONCENTRATION-ATMOS. 

Fig. 9. Effect of salt concentrations on relative growth of beans at three different 
locations. A measure of the accuracy is given by the length of the line S.E. (Standard 
error). 

When compared on this relative basis the curves in figure 7 show that in 
a cool climate salt concentrations in the range studied did not appreciably 
reduce the yield of onions. In the warmer climates as at Riverside and 
Indio the climate has affected the yield reduction caused by salt. In statis¬ 
tical terms th$re was a very significant interaction of climate on salt. 

In 1941 additional data were obtained on beans and garden beets at the 
three climate locations. The data for chloride solutions are shown in figures 
8 and 9. 

The yields for garden beet roots shown in figure 8 indicate that on a rela¬ 
tive basis the smallest yield reduction (base nutrient—4.4 atmospheres) 
occurred at Torrey Pines. On the same basis the greatest reduction in yield 
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with concentration was obtained at Indio. The difference in relative yield 
at 4.4 atmospheres at Torrey Pines and Indio was highly significant. 

In the case of bean pods (fig. 9) the relative yield reduction at 4.4 
atmospheres was almost the same at Riverside and Indio. The differences 
in relative yield between Torrey Pines and Indio were highly significant. 

The data obtained in 1939 are subject to considerable variation but in¬ 
cluding only data and crops which are consistent the results for the three 
years can be tentatively summarized as follows: 

1. A group of crops at a given salt concentration are depressed in rela¬ 
tive yield more in warm than in cool climates. These include: in 1939, 
squash, and tomatoes; in 1940, onions, beans, sugar beets, alfalfa, and cot¬ 
ton; and in 1941, garden beets, carrots, and beans. Milo grown in 1940 
grew best at Riverside and was least affected by salt at the Riverside 
climate. 

2. Another group consists of crops for which no appreciable difference 
was found in the yield reduction by salt at various climates. This includes 
cowpeas and probably alfalfa. The data on these two crops were obtained 
in 1939. No alfalfa stand was obtained at Indio where daily maximum 
temperatures averaged 110° F. 


Discussion 

Best growth of a crop in nutrient solution takes place at a concentration 
of about 0.3 to 2.0 atmospheres, depending on the nature of the nutrient 
solution, volume of solution to crop, nature of crop, temperature, and other 
factors. It would appear that the optimum concentration should furnish 
an ample supply of nutrients, yet have such a low osmotic value that water 
absorption is not markedly reduced. In the present experiment the base 
nutrient solution yielded excellent crops with an osmotic concentration of 
'0.4 atmospheres. No tests were made with slightly greater or lower concen¬ 
tration. Eaton (6) has indicated that small concentrations of chloride salts 
up to 10 milliequivalents per liter tended to improve tomato growth. The 
results reported in this paper do not bear on this point, but in nearly every 
case yields at the 2.4 atmosphere concentration were lower than in the con¬ 
trols. An exception occurred in the case of cotton at Torrey Pines, where 
die higher salt concentrations made the cotton less vegetative and the yield 
)f bolls was greater in the salt treatments than in the controls. 

The relative reduction in yield with increasing salt concentration beyond 
an optimum is often linear when plotted on an osmotic basis. This agrees 
roughly with the work of Hayward and Long (6) with tomatoes. They 
found better growth, however, at 1.5 atmospheres than at 0.5 atmosphere, 
but their ratio of solution volume to growth produced was relatively low. 
In a base nutrient series where the osmotic concentration was achieved by 
using greater amounts of nutrient salts the growth was better than at com¬ 
parable concentrations obtained by adding sodium chloride or sodium sul¬ 
phate to a 0.5 atmosphere base nutrient solution. 
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Eaton's (5) data can be replotted on an osmotic concentration basis. 
When this is done the relationship between osmotic concentration and yields 
of beans, milo, seed cotton, and tomato fruits is nearly linear. Sugar beets 
showed a decidedly greater tolerance to chloride than to sulphate salts at 
equal osmotic concentrations. 

Ahi and Powers (1) grew salt grass, alfalfa, and strawberry clover in 
various dilutions of sea water. In order to plot their yield results against 
osmotic values the present authors determined osmotic concentrations of 
Pacific Ocean water at a number of dilutions. The results obtained did not 
agree with a linear relationship, growth being better than expected on this 
basis at the high concentrations. 

Work at this laboratory has dealt primarily with chloride and sulphate 
salts. The results to date indicate that in general, the growth reduction of 
crops grown in saline solutions made up of chloride and sulphate salts of 
calcium, magnesium, and sodium is roughly proportional to the osmotic con¬ 
centration or to the conductivity of the solution. Individual crops may fall 
out of line somewhat, but these deviations should be checked further. Spe¬ 
cific ion effects undoubtedly exist, but for the salts studied they appear to 
be of a second order, compared to the matter of total salt concentration. 

While the results obtained in sand cultures indicate that there is little 
difference in cation effects, these results are wholly tentative. It is believed 
that if the range of each cation is varied widely, marked plant responses 
will occur. Sodium has a very profound effect on soil structure and sodium 
saturated soil takes on physical and chemical characteristics which are not 
conducive to plant growth. For this reason results with sodium in sand 
cultures are not expected to carry over completely into soils. Just how 
osmotic values affect growth is not known, but undoubtedly water intake, 
turgidity, and root extension are involved, together with other salt effects 
on the root and within the plant. 

It is of interest to note that the soil solution of productive soils may 
have an osmotic concentration exceeding 1 atmosphere at soil moisture con¬ 
tents within the wilting range. Soils marginal because of salinity may have 
osmotic concentrations as great as 10 atmospheres at these moisture con¬ 
tents (9). These soil solution concentrations are of the same order as the 
concentrations of the culture solutions used in these sand culture experi¬ 
ments. 

The results qtyteined in this study show that most crops are injured by 
salt to a greater extent in warm than cool climates. The alfalfa data for 
1939 gave no appreciable differences in the ^salt effect at Riverside and Tor- 
rey Pines. In 1940 when the alfalfa was seeded earlier in the season and 
good stands were obtained, decidedly poorer yields at the same salt treat¬ 
ments were obtained at Indio compared with Riverside and Torrey Pines. 
As in 1939, 'there was no appreciable difference in yields at Riverside and 
Torrey Pines in the comparable treatments. 

The data of Am and Powers when plotted on a relative basis give 
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slightly, but probably not significantly, lower yields of alfalfa at warm tem¬ 
peratures in the presence of salt. Their cold temperature of 55° F. was 
about 10° less than the average temperature at Torrey Pines. These results 
would indicate that the temperature coefficient for salt injury in the case of 
alfalfa is low. 

Because of the great differences in crop reaction to the combined effect 
of salt and temperature as shown in this paper it appears dangerous to 
extrapolate results from one set of climatic conditions to another. 


Summary 

1. Milo, cotton, alfalfa, sugar beets, barley, tomatoes, squash, cowpeas, 
onions, navy beans, garden beets, and carrots, were grown in large sand 
cultures in three diverse locations at various salt concentrations ranging 
from 0.4 to 4.5 atmospheres. 

2. Total salt concentration expressed in atmospheres was a greater factor 
in determining the amount of growth reduetioiuthan effects caused by spe¬ 
cific ions. 

w/3. Growth reduction was in most cases linear with increasing osmotic 
concentration of substrate. 

4. Conductance of the nutrient solution characterized the total salt effect 
probably as well as osmotic concentration. 

5. Chloride and sulphate salts when compared on an equal osmotic basis, 
depressed growth to an equal extent with a number of crops. In the case 
of other crops, chloride salts were slightly more toxic than the sulphate at 
equal osmotic concentrations. 

6. Within the ratios of cations used in the experiments, there was no 
great difference, in the action of individual cations on plant response. 
Sodium did not appear to be an unduly toxic cation in sand cultures. 

7. Crops do not behave alike in their reaction to the combined effect of 
salt and climate. Thus, some are reduced equally in relative yield at a given 
salt concentration irrespective of climate, while most crops at the same salt 
concentration are depressed in relative yield more in warm than in cool 
climates. 

8. A number of crop species died in a culture solution having an osmotic 
concentration of 4.5 atmospheres. 

Acknowledgment is made to other members of the Laboratory staff, par¬ 
ticularly F. M. Eaton, J. W. Brown, W. E. Taggert, L. R. We^er, and 
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AMOUNT, DISTRIBUTION, AND SEASONAL TREND OF CERTAIN 
ORGANIC RESERVES IN THE ROOT SYSTEM OF FIELD 
BINDWEED, CONVOLVULUS ARVENSIS L. 1 

John C. Frazier 
(with six figures) 

Introduction 

Field bindweed, Convolvulus arvensis, is recognized as one of the more 
serious of the noxious weeds in the central United States. Four of the five 
federal projects established to study control measures for this plant are 
located in this area (Hays, Kansas; York, Nebraska; Cherokee, Iowa; and 
Lamberton, Minnesota). 

During the past two or three decades practical means of control have 
been studied at various places. Empirical methods, however, have not re¬ 
sulted in satisfactory control and there has been a trend to include in a 
general research program studies dealing specifically with the physiology 
of the plant, especially studies of its food reserves. The persistent nature 
of noxious perennial weeds is intimately related to the organic reserves stored 
in their roots. The study herein reported deals particularly with the organic 
reserves of the root system when undisturbed by cultivation. 

A study of the nature of the root system (10) showed the advisability of 
dividing it into a number of portions for detailed studies of their organic 
reserves. Analytical determinations were made upon 7 of these portions 
found in the upper 3 feet of soil, to learn the amount and relative distribution 
of certain of the organic reserves during the growing season. 

Environmental factors 

The environmental factors of soil type, precipitation, and air tempera¬ 
tures under which this study was made are given in detail by Frazier (10). 

Briefly, it may be stated that the soil was a deep Geary silt loam, no layer 
of which impeded root development. The rainfall the preceding year was 
24.54 inches which was 74 per cent, of normal; while during the first 10 
months of 1937 the precipitation was 20.88 inches, which was 69 per cent, of 
normal for this period. The air temperatures the preceding year showed 
great extremes. On 60 days, temperatures of 100° F. or higher were reached 
(the average number is 15). The summer of 1937 was less extreme with 
temperatures of 100° being attained on only 38 days. The growth of 
bindweed was definitely terminated on November 17 on which date the 
temperature fell to 12° F. 

Materials and methods 
Physical methods 

The roots used in this study were obtained by a modification of the trench- 

1 Contribution no. 419 from the Department of Botany, Kansas Agricultural Experi¬ 
ment Station. 
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ing method developed by Weaver (25). This involved the use of a hand 
pick and an ice pick to expose and free the underground parts after suitable 
trenches had been made by excavating operations. 

Roots secured for analytical studies were taken twice a month—the first 
and fifteenth—from April 1,1937, to October 1, 1937, with a fourteenth and 
final sampling on November 1, 1937. All roots were taken from the one 
area of well-established, undisturbed bindweed, which was subjected to 
normal root competition by a uniform, but sparse stand of other weeds. 
There was scarcely any competition for light as the bindweed shoots twined 
over the other weeds. 

The material was divided into the 7 portions of the root system as col¬ 
lected and kept in moist cloths until it was taken to the laboratory. There 
it was washed free of soil particles, blotted dry with cloths, cut in pieces 
approximately one-fourth of an inch in length, and placed in individual wire 
trays. 

The root material was killed in an electric oven at a temperature of 95° 
C. This ordinarily required from 20 to 30 minutes. It was then dried at 
70° C. in an electric oven for at least 14 hours. 

The material was ground in a food grinder and then reduced to 60-mesh 
size with a mortar and pestle. It was stored in sealed glass containers, then 
redried at 100° C. for 14 hours before samples were taken for analysis. 

One hundred lineal feet of each of the 3 portions into which the vertical 
roots were divided and one hundred lineal feet of the lateral roots of com¬ 
parable plants growing in the same area of land were excavated and weighed 
in late July, 1939. 

Chemical methods 

The following fractions were determined in each of the 7 divisions into 
which the root system was divided: total nitrogen, protein nitrogen, non¬ 
protein nitrogen, reducing sugars, total sugars, the starch-dextrin fraction, 
and the readily available carbohydrate fraction. All results are the averages 
of closely-agreeing duplicate analyses. 

Total nitrogen. —The diphenylamine test (13) showed the material to 
be free of nitrates which agrees with the findings of Bakke et al. (3) and 
the Kjeldahl-Gunning-Arnold method (2) as modified by Miller (14) was 
used to determine the total nitrogen in 1-gram samples. 

Protein nitrogen. —This fraction as determined is considered to include 
the unextracted nitrogen plus that coagulated by specific treatment and is 
the method that has been employed in this laboratory (14). 

Nonprotein nitrogen. —This was obtained by subtracting the percentage 
of the protein nitrogen from the percentage of total nitrogen, 
fc. The reducing sugars, total sugars, and the starch-dextrin fraction were 
determined from a 3-gram sample, using methods adapted from those em¬ 
ployed in this laboratory (14). The sample was extracted with 100 ml. of 
80 per cent, alcohol for 2 hours in a 70° C. bath, filtered, the filtrate used for 
sugar, and the residue for starch-dextrin determinations. 
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Reducing and total sugars. —The filtrate was freed of alcohol by evapo¬ 
ration and the resulting water solution was cleared by the use of neutral lead 
acetate, brought to volume, deleaded with sodium oxalate, the lead oxalate 
precipitate allowed to settle, and a 50-ml. aliquot pipetted off for reducing 
sugar determinations. One hundred milliliters of the remaining aqueous 
solution were pipetted into a 250-ml. volumetric flask, acidified with 2.5 per 
cent, hydrochloric acid and hydrolyzed for 5 minutes at 70° C., as described 
by Loomis and Shull (13), nearly neutralized with 20 per cent, sodium 
hydroxide, made to volume and a 50-ml. aliquot taken for total sugar 
determinations. 

Starch-dextrin fraction.— The residue of the original separation was 
transferred to a beaker by means of hot water, made to approximately 100 
ml. volume and boiled for 2 minutes to gelatinize the starch. After cooling, 
10 ml. of fresh filtered saliva and 1 ml. of toluene were added and the con¬ 
tents of the beaker stirred thoroughly. 

The beaker, covered with a watch glass, was placed in an electric oven 
at 38-40° C. for 14 hours, checked as being starch-free with iodine, filtered 
into a volumetric flask, washed with hot water, cooled, cleared with neutral 
lead acetate, made to volume, deleaded with sodium oxalate, the lead oxalate 
allowed to settle, and a 200-ml. aliquot pipetted into an Erlenmeyer flask, 
acidified with 2.5 per cent, hydrochloric acid, refluxed for 3 hours, nearly 
neutralized with 40 per cent, sodium hydroxide, brought to volume in a 
250-ml. volumetric flask, and a 50-ml. aliquot taken for the starch-dextrin 
fraction determination. 

All carbohydrate fractions were determined gravimetrically by weighing 
the cuprous oxide directly. The conditions of Munson and Walker (15) 
were followed for reduction. The d-glucose equivalent was obtained from 
the Munson and Walker tables. 

Readily available carbohydrate fraction.— This composite fraction 
was computed by adding the percentage of total sugars to the percentage of 
the starch-dextrin fraction. 

All results were obtained in percentage and in grams per 100 lineal feet 
for each of the reserve food fractions in each of the 7 portions into which the 
plants were arbitrarily divided. The weight in grams per 100 lineal feet 
for any reserve food fraction was obtained by multiplying the weight of 100 
lineal feet of the plant portion by the percentage of the reserve food fraction 
in that portion. 

Experimental studies 

Nature of the plant 

Frazier (10) has described in some detail the gross nature of the undis¬ 
turbed bindweed plant grown from seed. In summary, it was found that 
the undisturbed root system may be divided into three natural portions: 
(1) primary vertical root, which is the original root of the plant developing 
from the radicle of the seed; (2) permanent lateral roots, those lateral roots 
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that develop more extensively and persist as permanent parts of th^root 
system; and (3) secondary vertical roots which are the downward extensions 
from the permanent lateral roots after the latter have made 10 to 30 inches 
of horizontal growth. 

In this study all permanent lateral roots of whatever order (10) are 
considered together, and likewise all secondary vertical roots are considered 
collectively, regardless of their order of development. The two types of 
vertical roots were each divided into the first-, second-, and third-footr divi¬ 
sions or portions. These 6 divisions and the lateral-root division constitute 
the 7 portions of the plant into which it was arbitrarily divided for the pur¬ 
pose of determining the distribution and trend of organic reserves during 
the growing season, April 1 through November 1. The so-termed 44 first 
foot” of the secondary vertical roots was considered to begin where the 
slender lateral root suddenly enlarged markedly. This 4 4 first foot” was 
the first 12 inches of root beyond that point. Ordinarily this portion was 
entirely contained in the first foot of the soil. All the material designated 
as lateral roots came from the first-foot soil level. 

Organic reserves of the plant 

Percentage basis. —These results are reported as the percentage of the 
reserve food fraction in the dry material of the root portion. It was not 
possible to report them as percentages of the total dry weight of the entire 
plant since under field conditions complete plants could not be secured in 
sufficient numbers. 

It is recognized that percentages may not give a true picture of the 
changes that are occurring in the actual amounts of organic reserves in the 
plant. An increase in the actual amount of one fraction may bring about 
an 44 apparent” decrease in another fraction, when reported on a percentage 
basis, despite the fact that there has been no actual decrease in the latter 
fraction. Admittedly the changes from protein nitrogen to the nonprotein 
nitrogen fraction and vice versa, and from sugars to the starch-dextrin frac¬ 
tion and vice versa, will show apparent errors in these fractions. It is con¬ 
tended, however, that the total nitrogen and the total readily available carbo¬ 
hydrate fractions are fairly reliable indices, as such shifts would be occur¬ 
ring within these fractions and would not materially change their values. 

Nitrogen fractions. —The primary vertical roots .—In figure l 2 the data 
are given for the total nitrogen, protein nitrogen, and nonprotein nitrogen 
fractions, expressed in percentage on a dry weight basis, for the 3 portions 
of the primary vertical roots. There is a definite decrease from April 15 
to June 15, the decrease being more marked in some portions. There is less 
protein nitrogen relative to nonprotein nitrogen in the second, and still less 
in the third foot portion. The total-nitrogen and protein-nitrogen fractions 
reached their seasonal low points on August 15 in the second and third foot 
levels. 

* The data, other than tables I and II, on which the graphs of this paper are based, 
are on file at the Kansas Agricultural Experiment Station, available upon request. 
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The secondary vertical roots .—In figure 2 the data are given for the total 
nitrogen, protein nitrogen and nonprotein nitrogen, expressed in percentage 
on a dry-weight basis for the secondary vertical roots. There was the same 
early season decrease following April 15, as in the primary vertical roots. 
The low point in the total nitrogen and protein nitrogen fractions of these 




Fig. 1. The total nitrogen, protein nitrogen, and nonprotein nitrogen fractions in 
percentage on a dry weight basis and in grams per 100 lineal feet in the first, second, and 
third foot portions of the primary vertical root. 

Fig. 2. The total nitrogen, protein nitrogen, and nonprotein nitrogen fractions in 
percentage on a dry weight basis and in grams per 100 lineal feet in the first, second, and 
third foot portions of the secondary vertical root. 

roots centered, however, about September 1, except for the former in the 
surface foot. The trends after June 15 show more marked variations than 
those of the same fraction in the corresponding portion of the primary ver¬ 
tical root, but the general range of percentages does not differ markedly. 

The lateral roots .—Figure 3 gives the data for the 3 nitrogen fractions in 
percentage of dry weight for the lateral roots. The early season decline is 
quite marked, especially in the total nitrogen fraction, due to the increase 
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'Tig. 3. The total nitrogen, protein nitrogen, and nonprotein nitrogen fractions in 
percentage on a dry weight basis and in grams per 100 lineal feet of the lateral root. 

Fig. 4. The reducing sugars, total sugars, starch-dextrin fraction, and readily avail¬ 
able carbohydrates in percentage on a dry weight basis and in grams per 100 lineal feet 
of the lateral root. 
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between April 1 and 15. Lows are found in the total-nitrogen and protein- 
nitrogen fractions in the months of May 15 to June 15 and August 1 to 
September 1. The general range of percentages of the 3 fractions is much 
the same as in the two types of vertical roots if the extremely low point of 
total proteins on June 15 in the primary vertical roots and the high point 
of this fraction on April 15 in the lateral roots are not allowed to bias the 
picture. 

Carbohydrate fractions. —The primary vertical roots .—Data are given 
in tables I and II for total sugars and the starch-dextrin fraction and in 
figure 5 for reducing sugars, total sugars, the starch-dextrin fraction, and 
the readily available carbohydrate fraction for the primary vertical roots. 

The reducing sugars differed somewhat in their seasonal trend in the 
3 portions. The early season low was from April 15 to May 15 in the first, 
from April 15 to May 1 in the second, and on April 1 in the third foot. 
There was a decrease in the first foot portion after July 15. 

The total sugars showed an early season decrease in all portions. The 
seasonal low was reached by this fraction on May 15 in the first, on July 1 
in the second, and on April 15 in the third foot portion. High levels were 
attained on June 15 and November 1 in the first, on June 1, September 15, 
and October 1 in the second, and on June 15 and August 15 in the third 
foot portion. 

The starch-dextrin fraction reached a low point on May 1 in all three 
foot portions. This reserve fraction in the first foot portion was less than 
the total sugars on May 1 and June 15. The high points for the starch- 
dextrin fraction was on October 1 for the first, August 15 and October 1 for 
the second, and September 1 for the third foot portion. This fraction at¬ 
tained progressively higher percentages in the second and third foot portions. 

The readily available carbohydrate fraction had the same general trend 
as the starch-dextrin fraction except between May 1 and July 1 in the first 
foot portion. It also attained progressively higher percentages in the sec¬ 
ond and third foot portions. 

The secondary vertical roots .—Data are given in tables I and II for total 
sugars and the starch-dextrin fraction and in figure 6 for reducing sugars, 
total sugars, the starch-dextrin fraction, and the readily available carbo¬ 
hydrate fraction for the secondary vertical roots. 

The reducing sugars differed in their trends from those in the corre¬ 
sponding portions of the primary vertical root. This fraction ran slightly 
higher in these roots than in comparable portions of the primary vertical 
root. 

The total sugars reached low points on April 15, June 1, August 1, and 
October 1 in the first, on May 15 and October 1 in the second, and on May 15 
in the third foot portion. High levels were attained on May 1, June 15, the 
month of August 15 to September 15, and November 1 in the first foot (the 
peak on November 1), on September 1 in the second, and on June 15 in the 
third foot levels. If the extremely low point reached in the first foot of the 
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primary vertical root is overlooked, however, the range of percentages is 
similar in the two types of vertical roots. 

The starch-dextrin fraction trends were downward in all portions until 
May 1. In the first foot portion, the starch-dextrin fraction was less than 
the total sugar fraction on May 1 and July 1. The general trends were sim¬ 
ilar to those of this fraction in corresponding portions of the primary ver¬ 
tical root, except that marked low points were reached in the first and third 
foot portions on July 1. The fraction, however, ran 4 to 6 per cent, higher 



Fig. 5. The reducing sugars, total sugars, starch-dextrin fraction, and readily avail¬ 
able carbohydrates in percentage on a dry weight basis and in grams per 100 lineal feet 
in the first, second, and third foot portions of the primary vertical root. 

Fig. 6. The reducing sugars, total sugars, starch-dextrin fraction, and readily avail¬ 
able carbohydrates in percentage on a dry weight basis and in grams per 100 lineal feet 
in the first, second, and third foot portions of the secondary vertical root. 

in many instances than in the corresponding portion of the primary root. 

The readily available carbohydrate fraction showed the same general 
trends as the starch-dextrin fraction in this root. This fraction ran 6 to 8 
per cent, higher in many, instances than corresponding portions of the pri¬ 
mary vertical root. 

The lateral roots .—Data are given in tables I and II for total sugars 
and the starch-dextrin fraction, and in figure 4 for reducing sugars, total 
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sugars, the starch-dextrin fraction, and the readily available carbohydrate 
fraction for the lateral roots. 

The low point of reducing sugars occurred at the start of the study on 
April 1 and a second low interval existed from August 1 to August 15. The 
peak was attained on June 15. The general trend was similar as for this 
fraction in the first foot portion of the two types of vertical roots. 

The total sugars reached low points on May 1 and on August 1 and 
attained high levels on June 15 and November 1. The general trend differed 
somewhat from those of this fraction in the first foot level of the vertical 
roots. 

The starch-dextrin fraction dropped to low points on May 1 and on 
August 1. High points were reached on June 15 and August 15, but the 
peak was reached on October 1. On June 1 and November 1 this fraction 
was slightly less than the total sugar fraction. 

The trend of the total readily available carbohydrate fraction practically 
paralleled that of the starch-dextrin fraction for this root. A high point 
was reached on June 15, with the seasonal peak being attained on October 1. 
The percentages of this fraction, as in the starch-dextrin fraction, more 
closely approximated those in the first foot of the secondary than in the 
first foot of the primary vertical roots. 

Basis of actual amount. —The story of any reserve food fraction ex¬ 
pressed on a percentage basis is confusing in that the percentage ordinarily 
increases with depth while the actual amount ordinarily decreases. The 
findings of Bakke et al. (3) show these trends. 

In order to give the results of this study in terms of the actual amounts 
of each of the individual reserve food fractions in each of the 7 portions into 
which the plant was arbitrarily divided, the weight of 100 lineal feet of 
each of the 3 portions into which the vertical roots were divided and 100 
lineal feet of the lateral roots was obtained by excavating representative 
roots of comparable plants and weighing them. These weights were as 
follows: 

Weight of 100 lineal feet 
Vertical root 

1st foot portion . 61.9 gm. 

2d “• “ . 40.6 “ 

3d “ “ . 32.3 “ 

Lateral root . 37.9 “ 

The weight of the individual root portion was then multiplied by the per¬ 
centage of the reserve food fraction in that portion to give the actual weight 
of that reserve fraction in 100 feet of that portion. These data have been 
computed and they show that the picture of reserves from the standpoint 
of actual amounts is markedly different from that constructed on a per¬ 
centage basis. A specific case involving the first and third foot portions of 
the primary vertical root for August 1 illustrates this point. On a per- 






178 


PLANT PHYSIOLOGY 


centage basis, the first foot had 18.66 and the third foot 36.20 per cent of 
the total readily available carbohydrate fraction, while on the basis of the 
actual amount of this reserve fraction, the first foot had 1,155 grams as 
compared with 1,169 grams in the third foot. Hence, with almost twice 
the percentage of this reserve fraction, the third foot had but little more 
of the fraction. 

Nitrogen fractions .—These computed data are given in graphic form. 
Figures 1, 2, and 3, inclusive, give total nitrogen, protein nitrogen, and non¬ 
protein nitrogen fractions in the primary vertical roots, the secondary ver¬ 
tical roots, and the lateral roots in grams per 100 lineal feet. 

Carbohydrate fractions .—The computed data for total sugars and the 
starch-dextrin fraction are given in both tabular (tables I and II) and 
graphic form (figs. 4, 5, and 6), and in graphic form only for reducing 
sugars and the readily available carbohydrate fraction in the lateral, the 
primary vertical, and the secondary vertical roots, respectively. 

It is obvious because of the method of calculation that the trend of the 
data reporting the actual amount of a reserve food fraction in grams per 
100 lineal feet of a root portion will be the same as that of those reporting 
the percentage of this reserve food fraction in the same root portion. 

Statistical treatment of differences between comparable portions of 

VERTICAL ROOTS 

The seasonal trend of the various carbohydrate and nitrogen fractions 
was essentially the same for the primary and secondary vertical roots, hence 
comparable foot portions of these roots were paired by sampling dates and 
the differences of these various fractions in the comparable portions treated 
statistically, using the t test, to ascertain if the differences were statistically 
significant and, if so, to what degree (17). The value of t was used to deter¬ 
mine the probability (P) from the tables for P values given by Fisher and 
Yates (9). These values are given in table IIT. 

These P values showed that the differences observed between comparable 
portions of the two types of vertical roots were statistically significant in 
many instances. The differences in the total nitrogen fraction in the second 
and third foot portions, the protein nitrogen in the second foot portion, and 
the nonprotein fraction in the first foot portion were at least significant. 
The reducing and total sugars were at least significantly different in the 
first foot portion, while the starch-dextrin and readily available carbo¬ 
hydrate portions were at least significantly greater in the secondary vertical 
roots in all three foot levels. 

It would appear that the statistical significance of the differences war¬ 
rants consideration. Under ordinary conditions of growth, however, the sec¬ 
ondary vertical roots outnumber the primary ones from two to many times, 
which may mean that root samples taken from undisturbed bindweed are 
predominantly of the one type. Then, too, the effect of control procedures, 
such as cultivation, on these differences is not known. 
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TABLE III 

The t VALUE, PROBABILITY, and degrees or significance of the differences between 
THE VARIOUS ORGANIC RESERVE FRACTIONS FOUND IN COMPARABLE FOOT PORTIONS 
OF THE TWO TYPES OF VERTICAL ROOTS PAIRED BY SAMPLING DATES 


Foot 

INTERVAL 

Average of reserve 
FRACTION FROM 14 DATES 

OF SAMPLING 

t 

VALUE 

(13 df.) 

P 

(probability) 

Significance 

Vertical root 
Primary | Secondary 



Nitrogen fractions 





Total nitrogen 



% 

Vr 




1 

26.54 

27.51 

1.516 

0.16 

n.s. 

2 

30.75 

28.62 

3.656 

0.005 

t 

3 

30.43 

27.80 

4.893 

<0.001 

t 



Protein nitrogen 


1 

16.84 

16.38 

1.443 

0.18 

n.s. 

2 

17.29 

15.91 

3.091 

<0.01 

t 

3 

16.24 

15.25 

1.720 

0.11 

n.s. 



Nonprotein nitrogen 


1 

9.70 

11.13 

2.484 

0.03 

* 

2 

13.46 

12.71 

1.288 

0.22 

n.s. 

3 

14.19 

12.55 

0.439 

0.67 

n.s. 



Carbohydrate fractions 




Reducing sugars 


1 

31.68 

37.67 

19.810 

I <<0.001 

t 

2 

53.12 

57.96 

0.789 

! 0.46 

n.s. 

3 

63.83 

74.29 

1.399 

' 0.19 

n.s. 




Total sugars 



1 

86.36 

[ 102.52 

2.233 

0.045 

* 

2 

109.28 

119.13 

1.246 

0.24 

n.s. 

3 

126.70 

| 140.29 

1.605 

0.14 

n.s. 



Starch-dextrin fraction 


1 

113.51 

1 158.44 

3.504 

0.006 

t 

2 

220.59 

276.67 

4.275 

<0.001 

t 

3 

296.86 

348.40 

2.921 

0.012 | 

* 



Readily available carbohydrates 


1 

199.87 

260.96 

3.858 

0.004 

t 

2 

329.87 

395.80 

5.751 

<0.001 

t 

3 

423.56 

488.69 

10.689 

<<0.001 

t 


n.s. Nonsignificant. 

* Significant at 5% level, 
t Significant at 1% level, 
t Significant at 0.1% level, 
< Less than. 


Discussion 

Comparatively few specific data have been gathered on the food reserves 
of weeds. Barr (5) has summarized the investigations in this field to 1936. 
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The papers by Arny (1) and Welton, Morris and Hartzler (26) are sim¬ 
ilar to the study reported in this paper in that they follow the nitrogen and 
carbohydrate fractions in the roots of perennial weeds, other than bindweed, 
through the growing season, but the work was not done on material obtained 
from definite foot intervals of the soil. 

Until recently food reserve studies on bindweed have been of a general 
nature. Barr (5) published the first rather complete analytical study of 
bindweed reserves in 1936. 

It is the intention here to point out certain pertinent findings and view¬ 
points which may be of value in relating the results reported in this paper 
to the problem of food reserves in perennial weeds, particularly field bind¬ 
weed, rather than to compare these with the specific results of other workers. 

Nitrogen fractions 

Arny (1) states that while nitrogen reserves are present in relatively 
small amounts in perennial weeds they are of great importance in the metabo¬ 
lism of the plant, particularly at the time of rapid tissue building in the 
wave of spring growth. Recent studies by Timmons (19, 20, 21, 22, 23), 
Evans (8), Barr (6) and Bakke et al. (3) indicate that the trend of total 
nitrogen reserves is independent of the trends shown by the various carbo¬ 
hydrate fractions; that the variation of the nitrogen fractions during the 
season is low; and that the trend of the total nitrogen fraction has little 
value as an index to the regenerative power of the plant. Bakke et al. (3) 
state that their work indicates that nitrogen depletion, unlike carbohydrate 
depletion, was not directly affected by chlorate treatment. 

Carbohydrate fractions 

Latshaw and Zahnley (12) made observations in 1927 on the starch 
reserves of bindweed, and Crafts and Kennedy (7) stated in 1930 that the 
persistent vegetative activity of the plant is made possible by the storage of 
relatively large quantities of starch in the root system. Barr (5) pub¬ 
lished in 1936 the first detailed study of the carbohydrate reserves of the 
bindweed plant. This study, however, was on material obtained at one 
sampling date, viz., August 5, 1935. Extensive work has been done on the 
trend of the carbohydrate fractions in undisturbed bindweed by the follow¬ 
ing workers on the federal bindweed project: Bakke (4) at Hawarden and 
Cherokee, Iowa; Evans (8) at York, Nebraska; Seely (16) at Genesee, 
Idaho; Stahler (18) at Lamberton, Minnesota; and Timmons (23, 24) at 
Hays, Kansas. A summarized report 3 of their work indicates that the com¬ 
puted fraction, the readily available carbohydrate fraction, has the same 
general trend at the 5 stations if the time of the start of spring growth and 
the subsequent stages of growth are taken into consideration* Consisting 
as it does of the total sugars and the starch-dextrin fraction, this computed 

«Progress report of cooperative weed investigations. U. S. Dept. Agr., B. P. I., 
Washington, D. €. 1939. Mimeographed. 
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fraction was found by these investigators to be the most reliable index of 
the food reserves of the plant. Bakke et al. (5) state that the reserves of 
the bindweed roots consist largely of sucrose and a dextrin-like compound 
or group of compounds. In the study reported herein these substances are 
included in the fraction designated as the readily available carbohydrates. 
Barr (6) gives the trends for the carbohydrate fraction in undisturbed bind¬ 
weed for 3 years’ investigations in Colorado. The trends for the starch- 
dextrin fraction and total sugar fraction ran quite similar to those reported 
in this paper. There was a difference in the reducing sugar trend, however. 
The total sugar percentages were much higher than those reported in this 
paper or by Timmons (19, 20, 21, 22). 

Most of these analytical studies were on bindweed root material taken in 
the 0- to 12-inch or the 6- to 18-inch soil layer with certain exceptions such 
as: Timmons (21, 22) included five periods of sampling at what he termed 
“critical points in the seasonal curve for food reserves,” taking samples from 
the 6- to 18-inch, 18- to 30-inch, and 30- to 48-inch soil layers; Kiesselbach 
et al. (11) made “fodder ” analyses of roots taken to a depth of 4 feet; Bakke 
et al. (3) analyzed samples taken to a depth of 17 feet in 1936 and to a depth 
of 8 feet in 1937 as well as samples used in routine studies on the 0- to 12 
and 12- to 36-inch soil layers. The study reported herein is believed to be 
the first in which detailed analyses were made on undisturbed bindweed roots 
from the first, second, and third foot soil levels throughout the growing 
season. 

Summary 

1. For the purpose of studying the distribution and seasonal trend of the 
various organic reserves in the roots during the growing season the root 
system was arbitrarily divided into the permanent lateral roots and the two 
types of vertical roots. The two types of vertical roots were each divided 
into the first, second, and third foot portions, which with the lateral roots 
gave a total of seven portions. Only roots of well-established, undisturbed 
plants were used, subject to but little competition from a sparse but uniform 
stand of other weeds. 

2. The percentages of total nitrogen and protein nitrogen fractions in 
the seven portions of the bindweed root system at fourteen periods of 
sampling—April 1 to November 1, inclusive—were determined and reported. 

3. A fraction obtained by subtracting the protein nitrogen fraction from 
the total nitrogen fraction was computed and reported. It is designated 
the nonprotein nitrogen fraction. 

4. The general trend of the nitrogen fractions in practically all portions 
of the plant showed an early season rise to April 15, followed by a decline 
to a low point sometime during the interval, May 15 to June 15. Marked 
fluctuations occurred following this interval in many of the portions, suc¬ 
ceeded by a second low interval, August 15 to September 1. In certain in¬ 
stances this was the low point of the season of the reserve fraction in that 
root portion. Additional fluctuations followed, which included a rise on 
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September 15 followed by a decline and then a rise on November 1. The 
general range of percentages was similar in the corresponding portions of 
the two types of vertical roots, and in the first foot portions of those roots 
and the lateral roots if the few extreme variations are not allowed to bias 
the picture. 

5. The percentages of reducing sugars, total sugars, and starch-dextrin 
fraction in 7 portions of the bindweed root system at 14 periods of sampling 
—April 1 to November 1, inclusive—were determined and reported. 

6. A composite fraction, consisting of total sugars and the starch-dextrin 
fraction, was computed and reported. It is designated the readily available 
carbohydrate fraction. 

7. All of the carbohydrate fractions, except the reducing sugar fraction, 
reached low points in all of the root portions during the interval of April 
15 to May 15. In many instances this was the low point of the season for 
that fraction in that portion. 

8. The total sugars attained a seasonal maximum the first of November 
in the lateral roots and the first foot portion of the two types of vertical 
roots. In the other portions of the root system there was a tendency to 
attain a high point on or before July 15 and a maximum later in the season 
but prior to November 1. 

9. The starch-dextrin fraction attained a maximum in the permanent 
lateral roots and in the first foot portion of the two types of vertical roots 
on October 1, and in the interval of August 15 to September 1 in the third 
foot portion of the vertical roots. The second foot portion of the vertical 
roots reached high levels on August 15 and October 1. 

10. The readily available carbohydrate fraction followed the trend of 
the starch-dextrin fraction closely, attaining a maximum in the permanent 
lateral roots and the first foot portion of the two types of vertical roots on 
October 1, and in the second and third foot portions of the two types of 
vertical roots in the interval of August 15 to September 1, except in the 
second foot of the primary vertical root which attained seasonal high points 
on August 15 and October 1. 

11. The total nitrogen fraction and the total readily available carbo¬ 
hydrate fraction are considered more reliable indices of the reserves of the 
plant than any of their component parts, the readily available carbohydrate 
fraction being the more reliable of the two. 

12. The differences between comparable portions of the vertical roots 
were treated statistically. The t test was used to determine probability. 
Certain of the differences were statistically significant, some to a high degree. 
The effect of control procedures on these differences is not known. 

13. All results were also computed and reported on a basis of the actual 
amount in grams per hundred lineal feet of each of the reserve food frac¬ 
tions in each of the root portions. 

• 

The writer acknowledges his indebtedness to Dr. 0. A. Shull and other 
members of the Department of Botany of the University of Chicago and to 
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Dr. E. C. Miller, Kansas State College, for helpful suggestions during the 
course of this study. 

Kansas State College 
Manhattan, Kansas 
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SOLUBLE CONSTITUENTS AND BUFFER PROPERTIES 
OF ORANGE JUICE 1 

E. T. Bartholomew and Walton B. Sinclair 
(with thirteen figures) 

Orange fruits undergo certain definite and progressive changes in chemi¬ 
cal composition during growth and maturation. The rates at which these 
changes occur depend chiefly upon climatic and soil conditions, but they are 
also somewhat affected by the rootstock, as shown by Hodgson and Eggers 
(15), Sinclair and Bartholomew (17), and others. While studying the 
influence of rootstocks on the composition of citrus fruits, it seemed impor¬ 
tant to the authors to investigate the changes that occur in the soluble con¬ 
stituents of the juice during growth and maturity of the fruit, and, espe¬ 
cially, to correlate the concentration of one soluble constituent with that of 
another for the purpose of determining their physiological and biochemical 
characteristics. The present studies were therefore undertaken. 

It is well known that differences in the composition of citrus fruits are 
due not only to variety and similar factors, but also to the influence of the 
geographical location in which the fruits are grown, and to seasonal changes 
affecting the rate of the ripening processes. A study of the effects of these 
environmental factors on the composition and quality of the fruit has clearly 
demonstrated that, without actual investigation, it is not safe to conclude 
that the characteristics of the citrus fruits in one locality are the same as 
those of the fruits in another locality. For this reason it is of extreme im¬ 
portance to know the changes in soluble solids, total and reducing sugars, 
acids, and pH that occur during the growth and maturity of citrus fruits in 
the different citrus-growing areas of southern California. A knowledge of 
the interrelation of these particular constituents has served as a foundation 
upon which a more extended and specialized program of research on citrus 
fruits has been initiated. 

The results reported in the first part of the present paper, which concerns 
the interrelation of juice constituents, are especially significant because they 
show the combined effects of different rootstocks, soils, and regional and 
annual climatic factors on the constituents of orange juice, over a period of 
several years. Data presented later in the paper show the effect of external 
factors and of some of the juice constituents on the buffer properties of the 
juice. 

In southern California, navel oranges reach the stage of commercial 
maturity during a period extending from late November to January; Valen¬ 
cias reach this stage from late March to May, the exact time depending upon 
the locality in which the fruits are grown. The period of fruit sampling for 

i Paper no. 477, University of California Citrus Experiment Station, Riverside, 
California. 
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the present studies extended for a considerable time both before and after 
the stage at which the fruit became commercially mature. Such a study 
shows the changes that occur in the fruit as it grows and matures. 

Materials and methods 

Fruit and juice samples 

The major portion of the fruit samples for juice analysis were taken over 
a period of seven years (1936-1942) from one Valencia grove and one Wash¬ 
ington Navel grove at Riverside (inland area) and from one Valencia grove 
near Tustin (coastal area). These groves had been set out for the rootstock 
studies previously mentioned. Each of the 14 plots of 10 trees each in the 
Valencia grove at Riverside represented a different rootstock. The 14 root¬ 
stocks were duplicated in the 14 similar plots in the Valencia grove at Tustin. 
Thirteen of these rootstocks and one other stock were represented in the 14 
plots in the Washington Navel grove at Riverside. When the rootstock 
project was begun, great care was exercised in order to obtain uniform buds 
and stocks (20). 

The remainder of the fruit samples were obtained over a period of four 
years (1939-1942) from a relatively large number of Valencia- and Wash- 
ington-Navel-orange groves in coastal, inland, and intermediate areas of 
southern California. In these groves each sampling plot consisted of at 
least 25 trees. 

In sampling, 6 average-sized fruits were picked from each of the 10 or 
more trees in each plot. The fruits on some trees were larger than those on 
others, but only fruits of average size on any given tree were chosen. In 
some of the tests for determining the accuracy of the method of sampling, 
the fruits were picked at random; in all other tests, however, 3 fruits were 
picked from the north side of the tree and 3 from the south side. Samples 
were selected in this manner because previous investigation (5) had shown 
that the soluble constituents of fruits from the south side of the tree are 
higher than those of fruits from the north side and that, as a rule, small 
fruits have a higher concentration of soluble solids than large fruits. 

In all tests the fruits were halved and the juice was extracted from both 
halves by means of a hand reamer. Both halves of the fruits were used 
because it is now generally known (5) that there is a higher concentration 
of soluble constituents in the stylar half than in the stem half of the fruit. 
The various organic analyses of the juice were made after it had been thor¬ 
oughly mixed and the portions for analysis had been strained and centri¬ 
fuged. 

The Navel fruits used for determining the buffer properties of orange 
juice were about three and one-half months beyond the initial stage of com¬ 
mercial maturity; the Valencia fruits were only about two to four weeks 
beyond this stage. The ratio of soluble solids to acids in the Navel-orange 
juice was 16.4 : 1 ; in the Valencia juice, it was 10.8-11.9: 1. 
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Analysis of juice 

Total soluble solids were determined with an Abbe refractometer, and the 
refractive indexes were converted to soluble solids by means of a sucrose 
table. Strictly speaking, therefore, the total soluble solids, as recorded in 
this paper, are in terms of the percentage concentration which would equal 
a sucrose solution having the same refractive index. Stevens and Baier 
(19) have shown that refractometer readings for orange juice are too low, 
mainly because of the citric-acid content of the juice. Since the corrections 
for orange juice, such as that used in the present experiments, are small 
(maximum, 0.31 per cent.), none were made. The general conclusions are 
the same as if the corrections had been made. 

Total acidity, expressed as citric acid, was determined by titrating an 
aliquot portion of the juice with a standard solution of NaOH, with phenol- 
phthalein as an indicator; all titrations were made in air. All pH values 
were determined with a Beckman glass electrode pH meter. Titration 
curves were experimentally determined on samples of juice free of pectin. 
The pectins were precipitated by pouring the juice (25 ml.) into 95 per cent, 
ethyl alcohol (100 ml.) and allowing the mixture to stand overnight at room 
temperature. The pectins were filtered from the solution and washed thor¬ 
oughly with alcohol. The solution and washings were combined and dis¬ 
tilled in vacuum at 55° C. to free the solution of alcohol. The course of the 
titration curve was determined on this alcohol- and pectin-free solution. 

Titration curves were also determined on solutions of citric acid to which 
the ash from orange juice had been added. The ash was obtained by evapo¬ 
rating to dryness, on a steam bath, known portions of juice (25 ml.) which 
were subsequently charred and ashed below red heat. The ash was then 
transferred quantitatively to a beaker and sufficient citric-acid solution was 
added to make the volume and concentration equivalent to that of the origi¬ 
nal orange juice. 

The sugar determinations were made by the Hagedorn and Jensen 
(12,13) method as modified by Blish (6, 7). The strength of the reagents 
employed by Blish was satisfactory for determining the total reducing sub¬ 
stances (reducing and total sugars as glucose) in unclarified orange juice 
when the values ranged from 3 to 10 mg. in 10 ml. of diluted citrus juice. 
The samples were diluted so that the values fell within this range. This 
method was used because comparative tests showed that it was more rapid 
than the best of the copper reduction methods and, at the same time, gave 
comparable results for the quantity of sugar in the sample. The standard 
HC1 method was used to invert the sucrose. After adding the HC1, the 
solution was allowed to stand at room temperature (approximately 22° C.) 
for 24 hours before making the determination. Parallel tests showed that 
HC1 was as reliable as invertase scales (Wallerstein’s) for inverting the 
sucrose in orange juice. The sugar values presented in this paper are prob¬ 
ably a little high because the samples of juice were not clarified before the 
sugar determinations were made. Samples of unclarified juice showed a 
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reducing-sugar content of approximately 6.50 per cent, and a total-sugar 
content of approximately 12.54 per cent., while the corresponding values for 
clarified samples of the same lot of juice were 6.36 per cent, and 12.26 per 
cent. The comparatively small increase in accuracy to be gained did not 
appear to justify the expenditure of the extra time and labor that would 
have been necessary to clarify each sample of juice. The glucose factor on 
the reagents was determined with a sample furnished by the National Bureau 
of Standards. The acid and reducing-sugar determinations were made 
within 3 hours, usually within 30 minutes, after the fruit was reamed. 

Results 

The soluble constituents in the juice 
Since 80 to 85 per cent, of the oranges that reach the commercial chan¬ 
nels of distribution are finally consumed as juice, it follows that the com- 
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Fig. 1. Changes in percentages (fresh-weight basis) of soluble solids, total sugars, 
sucrose, reducing sugars, and acids of Valencia-orange juice with the advance of the season 
(January 14 to July 13). Each of the first four points on each curve represents the mean 
of 28 determinations made in 1939, on the date specified; the fifth point on each curve rep¬ 
resents the mean of 72 determinations made on July 13 of three consecutive years, 1936, 
1937, and 1938. 

position of the juice is more important, in relation to fruit quality, thaji the 
composition of the whole fruit. This fact has been recognized for many 
years by investigators in the citrus industry (3, 9), and it has served as a 
basis for formulating the legal maturity test (ratio of soluble solids to acids) 
in use at the present time. In general, the ratio of soluble solids to acids 
in the fruit juice may be used as a test for maturity because the total soluble 
solidj}4^crease, and the acids decrease, during growth and maturation of the 
fruit 

The data illustrated in figure 1 indicate the truth of the foregoing state- 
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ment in that the total soluble solids and the reducing and total sugars in¬ 
creased, while the titratable acidity decreased, at approximately the same 
rate, until May 10. After that date the soluble solids and total sugars 
increased more slowly and the sucrose and acids decreased. The reducing 
sugars alone continued to show the usual upward trend. These curves 
represent only the means of a large number of determinations. Later in 
this paper it is shown that there may be wide divergences from the means 
shown in figure 1. Although the curves were constructed from data based 
on determinations on Valencia-orange juice, Navel-orange juice was found 
to show the same trends. Each of the first four points on the curves (fig. 1) 
represents the mean value of 28 determinations obtained in 1939 from fruit 
from the Valencia plots located at Riverside and at Tustin. The fifth point 
on each curve represents the mean value of 72 determinations obtained from 
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SAMPLING OATES. IMI-42 

Fig. 2. Concentration of total sugars, sucrose, reducing sugars, acids, and other con¬ 
stituents in Navel-orange juice, expressed as percentages of total soluble solids (dry-weight 
basis), determined on samples picked at different times during the season. The maturity 
of the fruit ranged from approximately three months before the initial stage of commer¬ 
cial maturity to three months after. 

the fruit from trees on the same Riverside and Tustin plots over a period of 
three consecutive years, 1936, 1937, and 1938. 

The relative percentages of the different soluble constituents, based on 
total soluble solids, found in Navel-orange juice, at intervals from Septem¬ 
ber 29,1941, to March 2,1942, are shown in figure 2. Total sugars increased 
from about 63 per cent, to a maximum of about 77 per cent, on February 2. 
The reducing sugars steadily increased over the entire period, from about 27 
per cent, to about 38 per cent. Except for a drop on October 29, the sucrose 
increased from about 36 per cent, on September 29, to 40 per cent, on Feb¬ 
ruary 2. By March 2 it had dropped to about 37 per cent. Both of the 
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decreases in sucrose appear to be registered in the total-sugar values for these 
dates (October 29 and March 2). The acids decreased from about 23 per 
cent, to about 8 per cent, of the total soluble solids. The fraction of soluble 
solids designated as “other constituents/’ consisting of inorganic com¬ 
pounds, amino acids, ascorbic acid, a small amount of soluble pectins, etc., 
remained nearly uniform throughout the sampling period. The relative 
percentages of soluble constituents in Valencia-orange juice are similar to 
those in Navel-orange juice. The total sugars in the juice of fully mature 
Navel and Valencia oranges may comprise at least 75 to 80 per cent, of the 
total soluble constituents. 

A comment should be made about the basis upon which the calculations 
have been made in figures 1 and 2. In the former, the constituents were 
calculated on the fresh-weight basis of the juice; in the latter they were cal- 
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Fig. 3. Batios of total soluble solids, of total sugars, and of reducing sugars to acids 
in Navel-orange juice, determined on samples picked at different times during the season. 
The maturity of the fruit ranged from approximately three months before the initial stage 
of commercial maturity to three months after. 

culated on the dry-weight basis. It may be mentioned here that the figures 
for the percentage of total soluble solids in orange juice (fresh-weight basis) 
agree very closely with those for the dry weight of a sample of the same 
juice (5). 

Since the total soluble solids, total sugars, and reducing sugars increased 
during the growing season, it is of importance to know the rate of change of 
these constituents with the change in concentration of acid. This has been 
graphically illustrated by plotting the ratios of these substances to total 
acidity against the time of sampling (fig. 3). 

The ratio of soluble solids to acids serves, in part, as an index to maturity, 
for commercial purposes: It is difficult to attribute any great physiological 
significance to this ratio, however, as it is easily affected by very small 
changes" in the acid concentration of the juice. Most of the soluble con¬ 
stituents in the juice are sugars, and this particular ratio is therefore often 
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referred to as the sugar-acid ratio. This usage is questionable, however, 
since the two ratios are very different, numerically and physiologically, 
chiefly because, as shown in figure 2, 10 to 15 per cent, of the soluble solids 
are not sugars and acids. Of interest is the fact that on September 29 the 
nonsugars included approximately 38 per cent, of the total soluble solids, 
while on March 2 they included only 24 per cent. (fig. 2). Practically all 
of this difference, however, was caused by the decrease in acids. 

Although the ratio of total sugars to acids is not so high as that of soluble 
solids to acids, the rate of change during the season is about the same (fig. 3). 
The proportion of reducing sugars to acids shows a lower but similar rela¬ 
tionship. These three ratios further demonstrate the inverse relation be¬ 
tween the concentrations of soluble solids and sugars and the concentration 
of acids in the fruit, which signifies that, with increase in soluble solids and 
sugars, a corresponding decrease in concentration of acids occurs during the 
period of growth and maturation. 

Relation of total soluble solids to total sugars, reducing 

SUGARS, AND ACIDS IN THE JUICE 

Since a large number of determinations on the juice have been made in 
these studies, sufficient data are available to illustrate important and worth- 



5.5 6 0 6 5 7.0 7.5 6 0 8.5 0 0 0 5 100 10.5 

TOTAL SUGARS-PEA CENT 


Fig. 4. Scatter diagram showing the relation of total soluble solids to total sugars 
in juice of Valencia and Navel oranges. Fruit maturity ranged from immature (green) 
to very mature (Valencias picked January 14 to July 13, 1939; Navels, September 29, 
1941, to March 2, 1942). 

while correlations of total soluble solids with certain other soluble substances 
in the juice. 

In figure 4 the percentages of total soluble solids are plotted against per¬ 
centages of total sugars of different samples of juice of Valencia and Navel 
oranges. The wide range shown (fig. 4) in concentration of total sugars, 
represents the amounts of sugar that occurred in fruits ranging from imma¬ 
ture to fully mature. It is evident that within this range of fruit develop- 
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ment, the increase in total sugars parallels that of total soluble solids. These 
two variables should be closely correlated for the total sugars represent, on 
the average, from 63 to nearly 80 per cent, of the total soluble solids during 
the period over which this study was made (fig. 2). This is further evidence 
that soluble solids and total sugars, as already shown in figure 1, have a ten¬ 
dency to increase at about the same rate. There is sufficient scattering of 
the points (fig. 4), however, to show that the juice may contain 11.0 per 
cent, soluble solids, and that the total sugar content may range from 7 to 9 
per cent.; or that, on the other hand, juice containing 8.5 per cent, total 
sugars may range from 10.5 to 12.5 per cent, soluble solids. 

The concentration of reducing sugars in orange juice amounts to some¬ 
what less than one-half of the total sugars, and the ratio remains fairly con- 



Fio. 5. Scatter diagram showing the relation of total soluble solids to reducing sugars 
in juice of Valencia and Navel oranges. Fruit maturity ranged from immature (green) 
to fully mature (Valencias picked January 14 to July 13, 1939; Navels, September 29, 
1941, to March 2, 1942). 

stant during the development and maturation of the fruit. It follows then 
that the relation between total soluble solids and reducing sugars (fig. 5) 
should be similar to that between total soluble solids and total sugars. Ex¬ 
perimentally, however, the points for the values of reducing sugars showed 
a greater scattering on the diagram than those for total sugars. To illus¬ 
trate (fig. 5), orange juice containing 11.0 per cent, total soluble solids may 
have reducing sugars ranging anywhere from approximately 3.2 to 4.5 per 
cent.; or, conversely, juice having reducing sugars of approximately 3.4 
per cent, may contain total soluble solids of from 9.25 to 12.0 per cent. This 
may have been partly due to undetermined changes in the juice during the 
lapse of time between its extraction and analysis. Since in nearly all cases 
the reducing sugars were determined within 30 minutes after the juice was 
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extracted, it does not seem that this could have been an important factor. 
Part of the excessive scattering of the points for the reducing sugar values 
is probably due to the fact that this carbohydrate fraction is quickly and 
easily used in metabolic processes. Prom limited data obtained during the 
course of this experimental work, it appears that, under certain weather 
conditions, the concentration of reducing sugars is more variable than is that 
of nonreducing sugars. 

It has already been noted that the sugars increase and the acids decrease 
in orange juice during growth and maturity of the fruit. The same trend 
prevails between total soluble solids and total acidity. Nevertheless, it is 
clear from the data in figure 6 that large changes can occur in total acidity 
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Fig. 6. Scatter diagram showing the relation of total soluble solids to total acids in 
juice of Valencia and Navel oranges. Fruit maturity ranged from immature (green) to 
fully mature (Valencias picked January 14 to July 13, 1939; Navels, September 29, 1941, 
to March 2, 1942). 

with only a slight change in total soluble solids. The reverse is also true. 
This wide range in acid concentration (1 to 2.6 per cent.) shows that the 
juice samples were from fruits ranging from immature (green) to fully 
mature. These data explain why in many instances high concentration of 
soluble solids at maturity may not necessarily be correlated with a corre¬ 
spondingly low concentration of acids. Although it is generally true that 
the acids decrease and the soluble solids and sugars increase as the season 
advances, large variations in soluble solids and sugars of the juice frequently 
occur with only slight changes in total acids. For example, figure 6 shows 
that orange juice containing 11.0 per cent, total soluble solids may have a 
total acidity ranging anywhere from 1.00 to 2.60 per cent.; or, conversely, 
that juice having a total acidity of approximately 1.75 per cent, may con¬ 
tain anywhere from 8.5 to 13.0 per cent, total soluble solids. Results of this 
kind indicate the chances for error in using the ratio of soluble solids to 
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acids as the sole criterion of maturity of fruit and quality of orange juice. 
Slight changes in the percentage of acids result in large changes in the ratio 
without markedly affecting the quality of the juice. The practical aspects 
of these problems have long been recognized by the industry. 

It may be well to point out here that the results shown in figures 1 and 7 
appear to be at variance with the results obtained by Caldwell ( 8 ). He 
reported that in oranges and grapefruit there is a progressive increase in 
both active and titratable acidity as growth advances toward maturity, but 
that as ripening begins, both active and titratable acidity start to decrease, 
and continue to decrease as ripening and maturity proceed. From a study 
of the two sets of data, it appears that Caldwell terminated his experiments 
at about the same stage of fruit-ripening as that at which our experiments 
began; therefore, a direct comparison of the two sets of results cannot be 
made. 

Relation of pH to titratable acidity of orange juice 

pH and total acidity. —Juices of fruits and vegetables may have a com¬ 
paratively low or a comparatively high total acidity and yet have approxi¬ 
mately the same pH value, the condition depending upon the kinds and 
amounts of buffer salts present. To illustrate with an actual example, juice 
from Navel oranges grown on Rough-lemon rootstock, showed 0.80 per cent, 
total acids (in terms of citric acid), with a pH of 3.52, while juice from 
Navel oranges grown on Trifoliate orange showed 1.21 per cent, total acids, 
with a pH of 3.46. Although there was a 34 per cent, difference in the total 
acidity of these two juice samples, the pH values differed only slightly. 
These two samples of Navel oranges were picked on the same day (March 3, 
1942) from two different blocks in the same grove. 

During the course of this investigation, it was necessary to make a large 
number of determinations of pH and of total acids (titratable acidity), on 
juice of oranges from samples collected at various stages of maturity. These 
data, as represented in figure 7, show the relation between pH value and 
titratable acidity. It can be observed that these pH values were determined 
over a wide range of total-acid concentration (0.7 to 2.60 per cent.). Juice 
samples containing 2.60 to 0.70 per cent, total acids, represent fruits ranging 
from immature (green) to fully mature. 

The data reported here (fig. 7) show that the pH value of orange juice 
bears a definite relation to the titratable acidity, if compared over a wide 
range of acid concentration. This relationship, however, is not so definite 
over shorter ranges of acid concentration, within which two samples of 
orange juice having rather large differences in total acidity may have the 
same pH value. For example, orange juice with a pH value of 3.20 may 
have a total acidity ranging from approximately 1.10 to 1.85 per cent.; or, 
conversely, juice with a total acidity of approximately 1.43 per cent, may 
yield pH readings ranging from 3.00 to 3.43. Under these conditions, the 
pH value does not indicate the amount of acid present, nor does a given acid 
value represent a definite pH value. 
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Titration curves of orange juice.— The relation of pH to titratable 
acidity (total acids) of orange juice can be further elucidated by following 
its resistance to changes in pH upon addition of increments of standard 
alkali to known amounts of orange juice. Orange juice, like all plant ex- 



Fig. 7. Changes in pH and total acidity (titratable acidity) in juice of Valencia and 
Navel oranges as the season advances. As shown in figures 4, 5, and 6, a given value in 
one variable may represent many values in the other. Fruit maturity ranged from imma¬ 
ture (green) to fully mature (Valencias picked January 14 to September 5, 1939; Navels, 
September 29, 1941, to March 25, 1942). 

tracts, is, to a varying degree, capable of resisting changes in pH upon the 
addition of strong acids or bases. It was therefore decided to determine 
experimentally what substances were responsible for the buffer effect of the 
juice. The results of these experiments are given in the following para¬ 
graphs. 



Ml 009600 N NaOH 

Fig. 8. Titration curves of various samples of Navel- and Valencia-orange juice con¬ 
taining different amounts of total acids. The ratio of soluble solids to acids was 16.4: 1 
for Navel juice, and 10.8-11.9:1 for Valencia juice. 

An inspection of the buffer curves of different samples of normal orange 
juice (fig. 8) shows that the four samples did not contain the same concen¬ 
tration of acid. The endpoints calculated from curves A, B, C, and D 
occurred at pH 7.82, 7.81, 7.85, 7.83, respectively, but the differences in milli- 
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liters of 0.09809 N NaOH necessary to arrive at the pH of the endpoint 
show the differences in the amount of acid in the juices. If these juices, 
which were from fruits from different trees in the same grove, had possessed 
the same concentration of acid, all four of the curves would have been very 
close together. 

In the course of this study, it was important to determine the effect of 
the soluble pectins in the juice on the shape of the buffer curve. The titra¬ 
tion curves of orange juice from which the pectins had been removed, and 
of normal orange juice, are shown in figure 9, A and B, respectively. These 
two curves are very close. The slight difference between them may be partly 
due to the fact that a very small amount of a volatile acid was distilled with 
the alcohol during vacuum distillation, and partly due to the lack of pectin, 
which reacts with NaOH beyond pH 7. The course of the buffer curve of 



Ml 009800 N NaOH 

Fig. 9. The effect of pectins on the buffer action of Valencia-orange juice: A, pectins 
removed; B, normal. Both samples were from the same lot of juice, in which the ratio of 
soluble solids to acids was 10.8: 1. 

the pectin-free juice definitely shows, therefore, that these pectin-free 
samples required less alkali for neutralization and that they apparently con¬ 
tained slightly less acid than those of normal juice. 

Other titration curves were determined on normal juice only (fig. 10, C); 
on aqueous solutions of citric acid of a concentration equivalent to the 
amount calculated from the neutralization point on the curve of the normal 
juice (fig. 10, B); and, finally, on citric-acid solutions, with total acidity 
equivalent to that of the juice, plus the ash elements from a 25-ml. portion 
of the normal juice (fig. 10, A). A comparison of the buffer curve of citric 
acid (fig. 10, B) with that of normal Valencia-orange juice (fig. 10, C) shows 
that citric-acid solution has less buffering effect than orange juice. It is 
interesting to note, also, that the pH of the citric-acid solution is much lower 
than that of the juice. On the addition of ash elements to the citric-acid 
solution (fig. at), A), the pH immediately increased from 2.07 to 3.10, the 
latter value being nearly the same as that of the original juice. This was 
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Fig. 10. Comparison of the buffer properties of (A) pure citric acid plus the ash 
elements from a 25-ml. portion of Valencia-orange juice, (B) pure citric acid, and (C) 
normal Valencia-orange juice. The ratio of soluble solids to acids for the normal Valen¬ 
cia juice was 11.2: 1. 

caused by the reaction of the citric acid with the base constituents of the ash. 

The titration curves of normal Valencia juice and of citric acid contain¬ 
ing sodium citrate are shown, for comparison, in figure 11. The concentra¬ 
tion of the citric-acid solution (25 ml.) used was equal to the total acidity 
calculated from the endpoint of the orange-juice curve. As usual, the 



Ml 009809 N NaOH 

Fig. 11. A comparison of the buffer properties of citric-acid solution and Navel- 
orange juice: A, pure citric acid (of the same concentration as that of normal Navel- 
orange juice) to which had been added enough sodium citrate to bring the acid solution 
to the same initial pH value as that of the orange juice; B, normal Navel-orange juice. 
The ratio of soluble solids to acids for the normal Navel juice was 16.4: 1. 
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initial pH of the acid solution (fig. 11, A) was lower than that of the 
(fig. 11, B). Before the titration was started, a few drops of sodium cit 
solution were added to bring the acid solution to the same pH value as that 
of the juice. The course of the titration curve of the acid solution differs 



Fig. 12. The effect of heating on the buffer capacity of Valencia-orange juice: A, 
juice boiled for 45 minutes; B, not boiled. Both samples were from the same lot of juice, 
in which the ratio of soluble solids to acids was 11.9: 1. 


only slightly from that of the normal juice up to pH 7; but, for some unde¬ 
termined reason, beyond this point they show considerable divergence. 

The effect of heat on the buffer system of orange juice (fig. 12) is shown 
by the titration curves for normal Valencia juice (fig. 12, B) and for a por¬ 
tion of the same juice boiled for 45 minutes (fig. 12, A). The boiling of 



Fig. 13. The effect of dilution on the buffer properties of Valencia-orange juice: A, 
diluted (1 part juice to 4 parts distilled water) : B, undiluted. Both samples were from 
the same lot of juice, in which the ratio of soluble solids to acids was 10.8: 1. 

the juice apparently drove off a slight amount of a volatile organic acid or 
CO* to give a slight increase in pH and a slight lowering of the tdtratable 
acidity. These small differences were not sufficiently large to cause signifi¬ 
cant changes in the values or to alter the shapes of the curves. 
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The effect of heat on the small amount of soluble pectins in the juice was 
not reflected in these results. The boiling of pectin solution has the ten¬ 
dency to raise the free acidity of the solution slightly and to result in a 
certain amount of demethylation. In the systems reported here, factors 
other than pectin were in effect, for there occurred a slight loss, rather than 
an increase, in acidity. 

The high degree of resistance to changes in pH is shown by the fact that 
orange juice can be greatly diluted without changing the pH or the shape of 
the titration curve (fig. 13). Although the limits of dilution were not 
reached in these experiments, titration curves are shown for normal orange 
juice (fig. 13, B) and for juice diluted in a ratio of 1:4 (fig. 13, A). This 
partially explains why the concentration of soluble constituents of orange 
juice can undergo relatively large changes during the growth and maturity 
of the fruit, w r ith relatively small fluctuations in pH. 

Discussion 

In order to determine whether 6 fruits from each of the 10 trees in each 
plot w r ere enough to give reliable results, two tests were made. In the first 
test, samples of 6, 12, and 18 fruits were picked (half of each sample from 
the north side of the tree and half from the south side) from each of the 10 
trees in one of the plots in the Valencia grove at Riverside. The 6-fruit 
samples w T ere combined to form sample 1 (60 fruits); the other samples were 
similarly combined to form sample 2 (120 fruits) and sample 3 (180 fruits). 
All fruits in each of the three samples were juiced. The percentages of 
total soluble solids in the juice from samples 1, 2, and 3, were 13.12, 13.12, 
and 13.07, respectively, a range of 0.05 per cent. In the second test, samples 
of 6 fruits and 40 fruits (samples 4 and 5, respectively) were picked from 
each of 10 trees in another plot in a different part of the same grove. All 
60 fruits in sample 4 were juiced, but the juice for sample 5 was obtained 
from only 100 of the 400 fruits in the sample. The 100 fruits were taken at 
random, by a blindfolded person, from the 400 fruits after they had been 
thoroughly mixed. The percentages of total soluble solids in the juice from 
samples 4 and 5 were 12.97 and 12.84, respectively, a difference of 0.13 per 
cent. The differences in the values shown in these tw'O experiments (0.05 
and 0.13 per cent.) were found to be statistically insignificant. 

The results of the two preceding tests were confirmed by still another 
test, in which 24 average-sized mature fruits were selected (12 from the 
north side of the tree and 12 from the south side) from each of 10 Valencia- 
orange trees in a different grove, from which no fruits had been picked 
during the current season. The 24 fruits from tree 1 were segregated at 
random into four groups (a, b, c, and d) of 6 fruits each. The 24 fruits 
from each of the other 9 trees were similarly segregated. By this method, 
each of the combined groups (a, b , c, and d) contained 60 fruits, 6 fruits 
from each of the 10 trees, as in our regular method of sampling. The total 
soluble solids for each group of 6 fruits from each tree were determined 
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separately, however; a total of 40 determinations. The mean percentages 
and standard errors of means for the total soluble solids were then calculated 
for each of the four groups of 10 determinations and were found to be as 
follows: group u, 13.36 ±0.166; group b, 13.39 ±0.176; group c, 13.26 
± 0.173; and group d, 13.29 ± 0.146. The difference between the means of 
the highest and lowest values is only 0.13 per cent., which is statistically in¬ 
significant, as shown by the t test at the 5 per cent, level and 18 degrees of 
freedom ( 18 ). 

The results obtained in the plot method of sampling used in these tests, 
should not be given the same interpretation as those obtained by Denny 
( 10 ) and by Appleman and Richards ( 1 ), who made single-tree determina¬ 
tions. The results shown in the two preceding paragraphs indicate that the 
general method used in these experiments, in which 6 fruits were selected 
from each tree, were enough to give a representative sample from each plot 
of 10 or more trees. 

Further comments should be made on the data of figures 1 to 7. Figures 
1 and 2 illustrate the types of curves usually constructed to show changes 
that occur in the composition of fruits during growth and maturity. As 
only mean values are reported, the information revealed is general and satis¬ 
factory for showing the comparative seasonal trends in fruit composition. 
The curves fail, however, to yield information about variability between 
different constituents, and about the ranges in concentrations of various 
soluble solids in the juice during this same period of growth. Some of these 
relationships are clearly shown in figures 4 to 7, inclusive. It can be 
observed that, as in most biological data, the total sugars, reducing sugars, 
and acids in the juice do not bear a linear relation to the total soluble solids. 
Attention has already been drawn to the variations in amounts of these 
constituents with the advance of the season. The scattering of the points 
on the diagrams (figs. 4, 5, and 6) demonstrates the differences in the relative 
proportions of soluble constituents in the juice. Although the trend of the 
curves supplies enough information for the formulating of certain generali¬ 
zations, the dispersion of the values is so great that this should be considered 
before making such generalizations. The condition is well illustrated by the 
changes in total soluble solids, with corresponding changes in total acidity, 
shown in figure 6. In this case, it can be seen that, with a given concentra¬ 
tion of either constituent, there results a wide fluctuation in ratios. 

The data for figure 4 came from the rootstock plots. In order to deter¬ 
mine whether such conditions apply to southern California in general, a 
large number of similar determinations were made on fruit from groves 
chosen at random in coastal, inland, and intermediate areas. A scatter dia¬ 
gram of these results has not been included because of the already large 
number of figures. The data, however, portrayed a type of scattering that 
was identical-with that shown in figure 4. The same comments apply to 
figures 5 and 6. 

Although there is a more or less marked degree of scattering of the points 
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in figures 4 to 6, the degree of closeness with which any two of the soluble 
constituents may be related is more definitely expressed by their correlation 
coefficients, which have been calculated and are shown in table I. 

The highest correlation coefficients obtained were those between total 
soluble solids and total sugars in the juice of fruit of Washington-Navel- 
and Valencia-orange varieties of the inland area (table I). The correlation 
of these constituents in juice of Valencia-orange fruits from the coastal area 
was lower in value. As shown in figure 6, the increase in percentage of total 
soluble solids and the decrease in percentage of acids do not occur at a 
uniform rate during the season. This is further emphasized by the signifi¬ 
cant but low negative correlations between these two variables, in samples 


TABLE I 

Correlation coefficients showing the degree of correlation of various 

SOLUBLE CONSTITUENTS IN ORANGE JUICE 


Factors correlated 

Variety of 
orange 

Grove 

location, 

southern 

California 

Number of 
samples 

n 

Correlation 

coefficient* 

r 

Total soluble solids and 





total sugars . 

Washington Navel 

Inland area 

79 

+ 0.9700 

Valencia 

Inland area 

72 

+ 0.9219 


Valencia 

Coastal area 

56 

+ 0.8024 

Total soluble solids and 





total acids . 

Valencia 

Inland area 

56 

- 0.5390 


Valencia 

Coastal area 

‘56 

-0.5555 


Valencia 

Random t 

21 

-0.4386 

Total soluble solids and 





reducing sugars . .. . 

Valencia 

Inland area 

56 

+ 0.8159 

Valencia 

Coastal area 

56 

+ 0.7096 

Total sugars and reduc¬ 





ing sugars . 

Valencia 

Inland Area 

56 

+ 0.9028 

Valencia 

Coastal area 

56 

+ 0.8344 


* These correlation coefficients are significant, as shown by the t test ( 18 ). 
t Commercial groves in coastal, inland, and intermediate areas. 


from different locations. Very high correlations existed between total 
sugars and reducing sugars during the period in which these samples were 
taken, the fruit samples of the Valencia variety from the coastal area yield¬ 
ing a lower correlation than those from the inland area. Data are also re¬ 
ported on samples from groves chosen at random in different citrus-growing 
areas of southern California. These data are included (table I) for pur¬ 
poses of comparison, in order to demonstrate that these experimental results 
are applicable in principle to fruit grown for commercial purposes. 

The correlation coefficient for the relation of pH to total acids (fig. 7) 
was not calculated, but the degree of scattering of the points is such that a 
significant negative correlation is definitely indicated. 

The relation of pH to the titratable acidity of orange juice is important 
in that it is, in general, related to fruit maturity; it is important, also, in 
that large changes in acid concentrations can occur with only very slight 
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changes in pH (fig. 7). This characteristic of orange juice is exhibited to a 
greater or lesser degree by most acid fruits. A quantitative measure of this 
characteristic may be obtained by observing the change in pH value of the 
juice upon the addition of increments of standard NaOH, as reported else¬ 
where in this paper. An inspection of figure 7 shows that at a given pH 
value, the juice may have various concentrations of total acids. If a range 
of acid concentration is chosen, for example, a range of 0.70 to 1.00 per cent., 
such as often occurs in fruit that is commercially mature, it is difficult to 
detect a direct relation between pH and total acidity. Over the total range 
of acid (0.70 to 2.60 per cent.), shown in figure 7, the pH tends to decrease 
with an increase in concentration of acid. In this particular instance, the 
relation of pH to titratable acidity depends upon the acid range. Other 
investigators with other fruits have found varying degrees of correlation 
between these two variables. In studies with 33 varieties of mature Min¬ 
nesota apples, Barnes (4) obtained a high correlation coefficient (r = 0.9265) 
between titratable acidity and hydrogen-ion concentration of the juice; with 
11 varieties of mature grapes, a high correlation (r = 0.9213) was also ob¬ 
tained ; with 11 varieties of plums at different stages of maturation, the cor¬ 
relation (r = 0.6198) was much lower. Askew (2), on the other hand, did 
not find a definite relation between pH and titratable acidity (total acids) of 
mature apple juice. 

The following information is of interest in that it indicates the differ¬ 
ences in the proportionate amounts of reducing sugars and sucrose that may 
exist in orange juice as the season advances. As shown in figures 1 and 2, 
the reducing sugars comprised less than half the total sugars up to the time 
of making the last determinations—July 13 for Valencias (fig. 1) and March 
2 for Navels (fig. 2). On these dates the reducing sugars amounted to more 
than half the total sugars. That this reversal was not a matter of chance 
is indicated by the fact that, when determinations were made on the juice of 
Valencia oranges from the 14 different rootstocks in the inland area (River¬ 
side), on September 14 and 15,1942 (approximately five and one-half months 
after the fruit had become commercially mature), the reducing sugars, in 
every case, amounted to more than half the total sugars. The average for 
the 14 determinations was 5.76 per cent, reducing sugars and 4.75 per cent, 
sucrose (by difference). The largest and smallest differences were 2.20 and 
0.48 per cent., respectively. The results of determinations made on the juice 
of Valencias on tfee same kind of rootstocks in the coastal area (Tustin), on 
September 22, 19^ (approximately four and two-thirds months after the 
fruit had become commercially mature), were similar, but the differences 
were not so great. The averages were 5.00 per cent, for reducing sugars and 
4.55 per cent, for sucrose. In two of the determinations, however, the per¬ 
centages for reducing sugars (4.65 and 4.72) were about the same as those 
for sucrose (4.66 and 4.88), or were a little less. These results, which show 
a tendency toward increase in reducing sugars and decrease in sucrose in 
Valencia-orange juice as the season advances, are in line with the results 
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obtained by Hilgeman and Smith (14) on grapefruit juice, although the 
ratios of reducing sugars to sucrose in the grapefruit juice were higher than 
those in the Valencia juice. 

The titration curve of orange juice shows that the buffer system is gov¬ 
erned largely by organic acids and by salts of the inorganic constituents in 
the juice. Hydrolyzed ascorbic acid would furnish acids that would have a 
buffering effect, but the total acidity in orange juice is due mostly to citric 
acid. The small amount of soluble pectins has little if any effect on the 
buffer capacity of the juice, though pectin reacts with NaOH beyond pH 7 
to form sodium pectate. Even in weak acid solution, pectins will form a 
loose combination with cations from neutral salts of calcium, sodium, and 
potassium. In alkaline solution, considerable time is required for pectin to 
react completely with NaOH to form sodium pectate. Soluble nitrogen com¬ 
pounds, in the form of amino acids and amides, exists in orange juice in such 
small amounts that they are of only slight importance in the buffer system. 
The dissociation constant of sugars is of such magnitude (of the order of 
10“ 14 ) that the sugars were probably without buffer effect in the present ex¬ 
periments. Regardless of the small amount of buffering that may have been 
contributed by these and by other substances such as flavonols and acid phos¬ 
phates in the juice, or by slight ion-activity changes which may have oc¬ 
curred, citric acid and its basic salts, and perhaps some carbonate, play the 
chief role in this phenomenon. This is made evident by the fact that orange 
juice contains considerable amounts of inorganic salts, as represented by the 
percentages of ash in the juice (approximately 3.06 per cent, in Valencias 
and 3.27 per cent, in Navels, on a dry-weight basis). It is not known in 
what form these salts exist in the juice. Some of the cations undoubtedly 
are combined with the pectins, even in acid medium, and some are combined 
with the existing phosphate, sulphate, and other anions that are present; 
but most of the cations are probably combined with citric acid in the form of 
citrates. These inorganic citrates and citric acid are the sources of the sub¬ 
stantial buffer capacity of orange juice. 

The titration curve (fig. 12) for boiled orange juice was determined for 
the purpose of measuring the effect of heat on the buffer capacity of the 
juice. This type of experiment should show whether the heat decomposed 
or volatilized any of the acid constituents and thus lessened the amounts of 
NaOH required for neutralization. It should show, also, the effect of heat 
on the soluble pectins or on any other constituent that might hydrolyze and 
thus increase the amounts of NaOH required for neutralization. In the 
present experiments, the course of the titration curve for the orange juice 
that was boiled for 45 minutes (fig. 12, A), was similar to that for normal 
juice (fig. 12, B). The slightly higher pH value of the boiled juice showed 
that this juice required slightly less NaOH than unboiled juice for neutral¬ 
ization. Titration curves were also determined on juice boiled for 5, 10, 15, 
and 30 minutes, respectively; the values were so close to those of normal 
juice, however, that it was impractical to put them on the graph (fig. 12). 
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These results agree with those of Dunne ( 11 ), who showed that boiled and 
filtered sap of wheat and buckwheat plants gave titration curves identical 
with those of the fresh sap • of Barnes ( 4 ), who observed that the hydrogen- 
ion concentration was only slightly lower in cooked apple juice than in fresh; 
and of Marsh ( 16 ), who showed that the buffer capacity of juice of nonacid 
vegetables was affected only slightly when heated in acid solution. 

Summary and conclusions 

The percentages of total soluble solids and of total sugars increased and 
that of acids decreased at approximately the same rate in the juice of Wash- 
ington-Navel- and Valencia-orange fruits during maturation. After the 
fruits reached the stage of commercial maturity, the percentages of total 
soluble solids, total sugars, and reducing sugars in the juice continued to 
increase, while the sucrose and acids decreased, as the season advanced. The 
rate of increase in total soluble solids, however, was not so great as that of the 
total sugars and reducing sugars. 

From September 29 (fruit still green) until March 2 (fruit well beyond 
the initial stage of maturity), the soluble solids of Washington-Navel-orange 
juice in California are composed of approximately 63 to 77 per cent, total 
sugars (35 to 40 per cent, sucrose and 27 to 38 per cent, reducing sugars), 
23 to 8 per cent, acids, and 15 per cent, other substances. The values for 
Valencia juice of corresponding maturity are similar. 

Where individual values for total soluble solids were plotted against the 
corresponding values for total sugars, noticeable scattering of the points 
occurred, but an increase in total soluble solids generally involved a corre¬ 
sponding increase in total sugars. This was verified by the high correlation 
coefficients calculated between total soluble solids and total sugars. A simi¬ 
lar relation between total soluble solids and reducing sugars was noted, but 
a considerably greater scattering of the points occurred. 

Although the total acids decreased during the growth and ripening of 
the fruit, while total soluble solids increased, large fluctuations in acid 
occurred without change in the total soluble solids and vice versa. Sig¬ 
nificant negative correlations were found to exist, however, between total 
soluble solids and total acids. 

Due to the relatively high buffer capacity of the orange juice, large 
fluctuations in total acidity occurred without change in pH; but over a wide 
range of acid concentration (0.70 to 2.60 per cent.), the pH increased with 
a decrease in total acidity. 

The experimental results show that the buffer capacity of orange juice 
is due chiefly to organic acids and inorganic salts. 

The soluble pectins in the juice affected its buffer curve only slightly. 

Boiling for 45 minutes, increased the initial pH of orange juice 0.2 over 
that of normal juice. This resulted in raising the buffer curve to a slightly 
higher pH level, but the shapes of the curves were the same. 
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Although the limits of dilution were not reached in these experiments, 
diluted (1:4) and undiluted juice had the same buffer capacity. 

The authors wish to thank Mr. R. C. Ramsey of this laboratory for assis¬ 
tance in determining the buffer curves reported in this paper. 
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Riverside, California 
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MOLECULAR EQUIVALENCE OF CARBOHYDRATES TO CARBON 
DIOXIDE IN PHOTOSYNTHESIS 

James H. C. Smith 

Introduction 

The photosynthetie reaction is commonly summarized by the following 
equation: 

6 CO2 4 6 H2O = CoH^Oe 4 6 O2 

The organic material formed has been commonly assumed to be glucose or 
some other carbohydrate. This equation is based principally on three types 
of facts: (a), the preponderance of carbohydrate material in plants, and 
the observed rapid increase in carbohydrates on illumination of green plants; 

(b) , the near quantitative agreement of the increase in weight of organic 
matter produced and the amount of carbon dioxide photosynthesized; and 

(c) , the approximation to the value of unity of the ratio between oxygen 
evolved and carbon dioxide absorbed. 

The first of these facts, (a), is only qualitative and does not serve to 
establish the stoichiometric relations required by the equation. The investi¬ 
gations thus far reported, that have attempted to confirm the molecular 
equivalence between carbon dioxide assimilated and carbohydrate formed, 
have failed in their purpose as a brief review will show. 

Fifty years ago, Saposciinikoff (12) determined, as glucose, the amount 
of carbohydrate formed during photosynthesis in relation to the amount of 
carbon dioxide absorbed. In three experiments with sunflower leaves, he 
found that 63.8, 67.7 and 87.1 per cent, of the theoretical amount of carbo¬ 
hydrate was formed from the carbon dioxide absorbed. Because he found 
so great a discrepancy between the observed and theoretical recovery of 
carbohydrate, he concluded that “Bei alien drei Versuchen erhielt ich ein 
Deficit der Kohlenhydrate im Vergleich zu der zersetzten Kohlensaure. 
Auf diese Versuche hin muss man annehmen, dass ausser den Kohlen- 
hydraten (Starke) sich noch ein anderer Stoff bildet, und vielleicht ist dies 
Eiweissstoff. ,, 

Later Krascheninnikov (8, 14b) examined five different plants and 
found the following ratios: (A), the increase in dry weight as compared to 
the carbon dioxide absorbed; (B), the increase in carbohydrate in relation 
to the carbon dioxide absorbed; and (C), the increase in carbohydrate as 
related to the increase in dry weight. 


ABC 

Bamboo . 0.60 0.45 0.75 

Cherry laurel . 0.60 0.31 0.51 

Sugar cane . 0.67 0.50 0.75 

Linden . 0.75 0.56 0.75 

Tobacco . 0.65 0.37 0.57 
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From these results it can be seen that the average ratio of increase in 
dry weight to carbon dioxide absorbed, 0.654, closely approximates the 
theoretical value for a disaccharide, 0.648. This supports the supposition 
that the photosynthate is carbohydrate. Such close agreement may be mis¬ 
leading, however, for it may result from the accumulation of several prod¬ 
ucts the sum of whose weights may equal fortuitously the weight of the 
hypothetical carbohydrate. The fact that the average increase in carbo¬ 
hydrates, reckoned as glucose, is only 64.2 per cent, of the amount required 
by theory, may be used to uphold the latter interpretation. 

The ratio between the increase in dry weight of leaves of Catalpa big- 
nonioides and the amount of carbon dioxide assimilated, was found by 
BroWn and Escombe (3), using the half-leaf method of analysis, to be much 
larger than the increase expected on the assumption that the material syn¬ 
thesized was carbohydrate. This difference was ascribed to errors inherent 
in the method of determination. 

In the most recent experiments, in which carbon isotopes have been used 
to estimate the amount of material formed, the results indicate that carbo¬ 
hydrate is not the only class of substance formed by photosynthetic action. 
The experiments carried out by IIuben, Hassid, and Ivamen (11) on barley 
plants, using radioactive carbon, C 11 , showed that only 25 per cent, of the 
carbon fixed by photosynthesis was water-soluble carbohydrate, and that 
not more than 10 per cent, could be contained in the insoluble material. 
From these experiments it was concluded that “The bulk of the radioactive 
material found in the plant is water soluble and is not carbohydrate. . . 
Recently heavy carbon, C 13 , has been used for the investigation of the carbon 
metabolism of bean and radish plants. In an abstract of a paper given by 
Belkengren, Nier, and Burr (2), it is stated that “The conversion of newly 
formed photosynthate into chlorophyll, xanthophyll, lipids, cellulose, starch, 
protein, amino acids and amides has been measured.’ ’ Whether or not the 
carbon first incorporated into the plant is in the form of diffusible carbo¬ 
hydrate was not stated. 

The third type of observation that has led to the acceptance of the usual 
photosynthesis equation is the close approach to unity of the photosynthetic 
quotient, i.e the ratio of oxygen evolved to carbon dioxide absorbed. 
Spoehr (15) has recently pointed out that even though the photosynthetic 
quotient were always equal to 1, this is no proof that the organic products 
formed consist solely of carbohydrates. So small a variation from unity as 
3 per cent, as was found by Maquenne and Demoussy (10), might indicate 
the formation of as much as 12 per cent, of protein. The fact that this ratio 
has been found in many cases to differ from unity by a considerable amount 
(14a, 17), and the fact that the quotient has been found to vary during 
the time-course of photosynthesis (6, 8), also suggest that the process may 
not ahf&ys conform to the equation cited, and that organic products other 
than carbohydrates may be synthesized during illumination. 

JjVom this short summary it is obvious that the facts are insufficient to 
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establish the widely accepted concept of the photosynthetic reaction, par¬ 
ticularly the concept that carbohydrates are the exclusive organic products 
of photosynthesis. In order to gain more precise knowledge concerning the 
substances produced by the photosynthetic process, the quantitative relation 
between the amount of carbon dioxide absorbed and the nature and quantity 
of organic matter formed during photosynthesis should be investigated 
rigorously for a number of species of plants. As a contribution to this 
subject we have investigated this relation for sunflower leaves. 

Experimentation 

In these experiments the increase in carbon content of sunflower leaves, 
brought about by photosynthesis, was determined and compared with the 
corresponding increase in dry weight. The increase in carbon content was 
obtained by measuring the uptake of carbon dioxide during photosynthesis, 
and also by determining the gain in carbon by elementary analysis. Fur¬ 
thermore, the increase in various carbohydrate constituents of sunflower 
leaves was determined and related to the amount of carbon dioxide absorbed 
during illumination of the leaves. 

Method of measuring carbon dioxide absorption 

The amount of carbon dioxide taken up by the sunflower leaves was 
measured by determining the decrease in carbon dioxide concentration 
in a closed system. The arrangement was such that gas was circulated 
through the component parts of the apparatus in the following order: leaf 
chamber, gas pipet, pump, pH-measuring cell, and back to the leaf chamber 
again. The leaf chamber employed has already been described by Spoehr 
(14c). An “Autopulse Fuel Pump” reconstructed so as to be gas-tight, 
was used to circulate the gas within the system. The pH-measuring cell 
used in a previous investigation (13) was employed in this investigation. 
The cell contained a solution, 0.01 N with respect to sodium bicarbonate, and 
1.0 N with respect to potassium chloride. The decrease in carbon dioxide 
concentration was determined from the change in pH of this solution, which 
was in equilibrium with the carbon dioxide in the circulating gas stream. 
A “Beckman pH Meter” was used to measure the pH of the bicarbonate 
solution. It was possible to read the pH accurately to 0.01 pH unit. The 
gas pipet, at 20° C., contained 28.604 mg. of carbon dioxide. It was fitted 
with two three-way stopcocks so that it could be cut out of the circulation 
system to be flushed and filled with pure carbon dioxide; then when desired, 
it could be cut into the circulation system so as to introduce a known volume 
of carbon dioxide. A by-pass around the gas pipet permitted circulation of 
the gas within the system without the gas passing through the pipet. Car¬ 
bon dioxide for filling the pipet was taken from a commercial cylinder. The 
whole apparatus except the pump and some of the glass tubing, was im¬ 
mersed in a constant temperature bath, controlled either at 20.0° C. it 0.1 or 
10.0° it 0.1. The walls of the water bath contained windows so that the 
leaf could be illuminated from the side. 
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After the leaf had been introduced into the leaf chamber, the apparatus 
was closed and the gas circulated within the system until the rate of respira¬ 
tion had become constant. The measured quantity of carbon dioxide was 
then introduced from the gas pipet. When equilibrium between the gas 
and the bicarbonate solution had been established (about 15 minutes was 
required for this), the leaf was illuminated by an approximately parallel 
beam from a 500-watt projection lamp. Removal of carbon dioxide by 
photosynthesis caused the pH to increase progressively. When approxi¬ 
mately all of the added carbon dioxide had been used up, the light was 
turned off and the pH readings taken until a maximum value was reached, 
at which time the experiment wks terminated. The amount of carbon 
dioxide absorbed by the leaf was calculated from the volume of the pipet, 
and the pH readings taken at the following times: when the carbon dioxide 
was introduced; when the light was turned on; and when the experiment 
was stopped. 

Increased accuracy of measurement was obtained by arranging the ex¬ 
periment so that nearly the same quantity of carbon dioxide was absorbed 
as was pipetted into the apparatus. Under such conditions, the pH values 
obtained before introducing the carbon dioxide and after terminating the 
illumination were about equal. At this relatively high pH the small devia¬ 
tions in pH represented very small differences in carbon dioxide concen¬ 
tration. These differences were only a small fraction of the accurately 
measured quantity of carbon dioxide introduced, and any error introduced 
on account of inaccuracies in measuring them was entirely negligible. This 
technique made the method essentially a null-point method. 

Methods of analysis 

Determination of the ratio of the increase in dry weight to the 
amount of carbon dioxide absorbed. —In each of these experiments, the leaf 
which was used was taken from a plant which had been in the dark at least 
overnight. The petiole was cut from the stalk of the plant and immediately 
plunged into water. After rinsing the leaf with distilled water, the surface 
of the leaf was freed of adhering water. The halves of the leaf were then 
cut from the midrib and the areas outlined on sheets of heavy cellophane. 
The areas were measured by means of a planimeter. One half of the leaf was 
placed in a weighing bottle and dried at 85° to 90° C., first in a stream of 
air, and then in an ordinary drying oven. The other half of the leaf was 
fastened in a wire frame so as to hold the leaf flat and then placed in the 
leaf chamber of the photosynthesis apparatus. 

The respiration of the leaf in the photosynthesis apparatus was measured 
so that proper correction could be made for the carbon lost by respiration. 
The correction had to be estimated for the period between the starting of the 
drying of the control sample and the beginning of the illumination of the 
photosynthesis sample. The correction usually amounted to about 2 or 3 
per cent, of the amount of carbon dioxide absorbed. 



SMITH: MOLECULAR EQUIVALENCE IN PHOTOSYNTHESIS 


211 


When the measurement of the respiration was completed carbon dioxide 
was introduced into the photosynthesis apparatus, the light turned on, and 
photosynthesis carried out for the desired period. After the uptake of 
carbon dioxide had been measured (table I, col. 2), the leaf half was trans¬ 
ferred to a weighing bottle and the dry weight determined exactly as de¬ 
scribed for the control. 

The gain in carbon was also determined from elementary carbon analysis. 
The percentages of carbon in the dried material, from both the control 
sample (table I, col. 7) and photosynthesis sample (table I, col. 8) were 
obtained by the method of “Manometric Carbon Determination’’ described 
by Van Slyke and Folch (18). The weight of carbon in the control sample, 
corrected to a sample with an area equal to that of the photosynthesis 

TABLE I 

Increase in dry weight compared with increase in carbon absorbed 

DURING PHOTOSYNTHESIS 


Experi¬ 

ment 

NO. 

Carbon 

ABSORBED 
AS C0 2 

Increase 
in car¬ 
bon BY 

COMBUS¬ 

TION 

Increase 

IN DRY 

WEIGHT 

A Carbon 
absorbed/ 
A dry wt. 

A Carbon 
by com¬ 
bustion/ 

A DRY WT. 

Percentage of 

CARBON IN DRY 

WEIGHT OF SAMPLE 

Control 

Photo¬ 

synthe¬ 

sis 


mg. 

mg. 

mg. 

% 

% 

% 

% 

1 

5.278 

5.223 

12.9 

40.9 

40.5 

46.00 

45.58 

2 

7.560 

8.907 

20.6 

36.7 

43.2 

44.75 

44.98 

3 

7.302 

8.037 

17.2 

42.5 

46.7 

45.30 

45.48 

4 

6.783 

6.466 

17.6 

38.5 

36.7 

47.00 

45.50 

5 

6.025 

6.222 

14.1 

42.7 

44.1 

46.12 

45.90 

6 

6.186 

5.554 

14.0 

44.2 

39.7 

45.25 

44.67 



Average 


40.9 

41.8 

45.74 

45.35 



Probable error 

± 0.9 

± 1.1 

± 0.24 

± 0.18 


sample, was subtracted from the amount of carbon in the photosynthesis 
sample. The difference was ascribed to carbon gained by photosynthesis. 
The values obtained in the various experiments are shown in table I, column 
3. The wet combustion of leaf material had distinct advantage because the 
carbon in carbonates as well as organic carbon was determined quanti¬ 
tatively. This particular method was especially useful in the present in¬ 
vestigation because of its speed and high degree of accuracy. 

The gain in dry weight was obtained by subtracting the dry weight of 
the control sample, adjusted to an initial area equal to that of the photo¬ 
synthesis sample, from the dry weight of the photosynthesis sample. The 
increases in dry weight obtained in different experiments are given in table 
I, column 4. The ratios of the gain in carbon, obtained from carbon dioxide 
absorption and from elementary carbon analysis, to gain in dry weight, are 
shown in table I, columns 5 and 6. It is evident that the ratios obtainM 
by the two methods agree very well. 
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Determination of the ratio of the increase in carbohydrates to the 
amount of carbon dioxide absorbed. —In order to determine the increase in 
carbohydrates in relation to the amount of carbon dioxide absorbed, the fol¬ 
lowing procedure was employed. The leaf used in each of the experiments 
was cut in the afternoon from a plant in the greenhouse. The petiole was 
plunged immediately into water. After a few minutes the leaf was washed 
with distilled water and kept overnight in a dark cabinet, the petiole being 
immersed in distilled water. (This technique is in contradistinction to the 
technique described in the preceding section in which the whole plant had 
been kept in darkness and the leaf was used for experimentation very shortly 
after being cut. The extended da'rk treatment in both cases was for the 
purpose of depleting the carbohydrate content of the leaf.) In the morning 
the halves of the leaf were cut from the midrib and each half cut in two 
transversally. The two diagonal quarters served for the control sample and 
the two remaining quarters for the photosynthesis sample. The leaf samples 
were placed in covered weighing bottles and weighed. The two quarters 
that were to be used for the control were spread out in the dark cabinet, 
with upper side down. At the time when illumination of the photosynthesis 
sample was begun, the control sample was removed from the dark cabinet 
and dropped into boiling 80 per cent, alcohol. By this procedure an equal 
period of respiration, prior to illumination, was secured for both control and 
photosynthesis samples. 

The two quarters to be used for photosynthesis were fastened in a wire 
frame and brought into the photosynthesis apparatus. After respiration 
had become constant, the carbon dioxide was pipetted into the circulating 
gas stream. When equilibrium with the increased concentration of carbon 
dioxide had been established the light was turned on. Photosynthesis was 
allowed to continue until the carbon dioxide taken up by leaf approximately 
equaled the amount introduced, then the light was turned off. When the pH 
reached a maximum (in about 10 minutes at 20°, and 15 to 20 minutes at 
10°), the experiment was stopped. The leaf was removed from the ap¬ 
paratus and immersed immediately in boiling 80 per cent, alcohol. 

In some experiments at 20° an attempt was made to determine the fate 
of the new-formed carbohydrates immediately following their synthesis. 
For this purpose a prolonged period of respiration was introduced imme¬ 
diately following the short period of photosynthesis. At the close of the 
experiment, increases in the various fractions of carbohydrates and in the 
residue were determined and were correlated with the net gain in carbon 
absorbed as carbon dioxide. The term net gain is used to designate the 
difference between the total amount of carbon dioxide absorbed during 
photosynthesis minus the amount of carbon dioxide lost during the pro¬ 
longed period of respiration. 

In the photosynthesis experiments carried out at 10°, the control sample 
was placed in a refrigerator at about 5° for the period between weighing 
and immersion in the alcohol. 

A synopsis of the procedure for carbohydrate analysis is given in the 
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form of a flow sheet. The various carbohydrates determined appear at the 
bottom of the diagram, and these are designated by the same terms that are 
used in the succeeding tables. 


Plow sheet of carbohydrate analysis 
L eaf sample 


Extraction with 
80% ethanol 




Alcoholic 

Inso 


extract 


No 

hydrolysis 


Hydrolysis 
1% HC1 
(20 min.) 


Hydrolysis 
and elimi¬ 
nation of 
ketose 1 N 
HC1 (4 hrs.) 


material 


Hot-water 

extraction 


Somogyi’s 
reagent 


Oxidation 
with iodine 
(elimination 
of aldose) 


Somogyi’s Somogyi’s 
reagent reagent 


Ketose 


Hot-water 

extract 


Hydrolysis 
1 N HC1 
(4 hrs.) 


Insoluble 

material 


Hydrolysis 
1.5% HQ 
(3 hrs.) 


Somogyi’s Somogyi *s 
reagent reagent 


Aldose 


Acid 

extract 


Somogyi's 
reagent 


i 

Monosaccharide Monosaccharide Monosaccharide Polysaccharide Starch 
+ + not identified 

Sucrose Sucrose 

+ 

Sugar not iden¬ 
tified 


Residue 
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Extraction. —After immersion in the alcohol the two samples were 
treated by as nearly identical procedures as possible. The leaf material was 
extracted five times with 20-ml. portions of boiling 80 per cent, ethanol. 
The alcoholic extracts after filtration were collected and analyzed for the 
dissolved sugars. The leaf material was then extracted four times with 
20 ml. each time, of hot distilled water. The aqueous extracts were filtered, 
collected, and analyzed for the carbohydrates contained therein. The leaf 
material remaining from the hot-water extraction was suspended in about 
20 ml. of 1.5 per cent, hydrochloric acid and hydrolyzed in a boiling water 
bath for 3 hours. The hydrolyzate was filtered into a 100-ml. volumetric 
flask. The leaf residue was extracted with hot water, three times with 20 ml. 
each, and once with 15 ml. These extracts were filtered into the same volu¬ 
metric flask. The solution was diluted to volume and analyzed for sugar. 
Each extraction was carried out on the boiling water bath for a period of 
20 minutes. The leaf material which had remained insoluble throughout all 
these extractions was collected in the same filter paper that had been used 
to filter each of the extracts, and was quantitatively transferred to a weigh¬ 
ing bottle and the dry weight determined. 

Analysis 

Alcoholic extract 

The alcoholic extract was evaporated on the water bath to a small volume. 
Water (20 ml.) was added and the solution evaporated until the odor of 
alcohol had disappeared. The concentrated solution was transferred quan¬ 
titatively to a centrifuge tube, 1 ml. of lead acetate solution (about 14 per 
cent.) added, and after a few minutes the precipitate was thrown down by 
centrifugation. The supernatant liquid was decanted into a 100-ml. volu¬ 
metric flask containing 2 ml. of saturated sodium oxalate solution. The 
residue was washed three times by centrifugation with distilled water and 
the washings collected in the volumetric flask. After all of the lead oxalate 
had precipitated the solution was made to volume, thoroughly mixed, and 
the precipitate removed by filtration. In the filtrate, monosaccharides, 
sucrose, and a “sugar not identified" were determined by means of 
Somogyi’s method (1). A reduction period of 25 minutes was employed (7). 

The monosaccharides were estimated by determining the reducing power 
of the sugar solution without further treatment. Sucrose was determined 
by obtaining the increase in reducing sugar after a 20-minute hydrolysis 
with 1 per cent, hydrochloric acid. The hydrochloric acid was neutralized 
with sodium hydroxide using rosolic acid indicator and the sugars deter¬ 
mined by reduction. The “sugar not identified" was determined by esti¬ 
mating the increase in reducing power brought about by hydrolysis with 
1N hydrochloric acid for 4 hours. The details of the method were as follows: 

The sugar solution (5.00 ml.) was pipetted into a Pyrex test tube, 
25 x 250 mm., and 0.46 ml. of concentrated hydrochloric acid added. The 
solution was hydrolyzed for 4 hours in the boiling water bath. After neu- 
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tralization of the acid with sodium hydroxide, the reducing power was 
determined. 

To a duplicate sample, after hydrolysis, just enough solid sodium bicar¬ 
bonate was added to neutralize the acid, the carbon dioxide evolved was re¬ 
moved by evacuation at the water pump, then 0.5 ml. of a buffer solution 
composed of potassium bicarbonate and potassium carbonate (ca. 2.5 N with 
respect to potassium ions, pH = 9.60) was introduced. This brought the 
solution to a pH of ca. 9.25, an optimal value for oxidizing glucose without 
appreciably attacking levulose. Iodine solution (0.3 ml. of 0.2 N) was in- 

TABLE II 

Tabulae presentation of a sample experiment. Temperature: 20.0° C.* 


Fractions 

Control 

Control 

CORE. FOR 

initial 

Photo- 

SYN- 

Increase 

IN GARBO- 

Increase 

IN CARBON 

Recovery 
OF CARBON 



THESIS 

HYDRATE 

ABSORBED 

weights 



mg. 

mg. 

mg. 

mg. 

mg. 

% 

Initial fresh 







weight of 
sample 

2661.7 


2691.2 




Carbon absorbed 





7.871 


Monosaccharide 

7.740 

7.826 

10.760 

2.934 

1.174 

14.9 

Sucrose 

Sugar not iden¬ 

4.720 

4.772 

15.280 

10.508 

4.203 

53.4 

tified 

Polysaccharide 

1.784 

1.804 

2.564 

0.760 

0.304 

3.9 

not identified 

9.780 

9.889 

10.550 

0.661 

0.264 

3.4 

Starch 

Total soluble 

17.840 

18.038 

22.640 

4.602 

1.841 

23.4 

carbohydrate 





7.786 

98.9 

Residue 

70.9 

71.7 

74.5 

2.80 

1.244 

15.8 

Total recovery 

- 




9.030 

114.7 


* Explanation of table II. Col. 1: Designation of different fractions. Cols. 2 
and 4: Weights of various fractions for the control, col. 2, and photosynthesis sample, 
col. 4; weights of carbohydrate fractions in terms of glucose, and actual weights of 
samples and residues. Col. 3: The values in col. 2 multiplied by the ratio of the initial 
fresh weights of photosynthesis sample to control sample. Col. 5: Values in col. 4 
minus corresponding values in col. 3. Col. 6: The amount of carbon absorbed. Increase 
of carbon in each fraction: values for carbohydrates multiplied by 0.4000, the carbon 
content of glucose; value for residue multiplied by 0.4444, the carbon content of cellu¬ 
lose. Col. 7: The percentage of the carbon absorbed recovered in each fraction. 

troduced and the mixture allowed to stand for 60 minutes. After acidifica¬ 
tion with 0.3 ml. of 6 N hydrochloric acid, the liberated iodine was reduced 
with 2 per cent, sodium sulphite solution. The solution was neutralized 
with 6N sodium hydroxide (rosolic acid indicator being used), 0.5 ml. of 
a glucose solution of known titre was added, and the reducing power of the 
solution was determined. By deducting the amount of added glucose, and 
estimate of the ketoses, presumably levulose, left undestroyed by the pro¬ 
longed hydrolysis, was obtained. Subtraction of the amount of undestroyed 
levulose from the total amount of monosaccharide contained in the hy¬ 
drolysis mixture provided an estimate of the total quantity of aldoses, herein 
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* Explanation of table III. Col. 1: Designation of the different fractions determined. Cols. 2 to 8: The amount of carbon absorbed. The in¬ 
crease of carbon in the different fractions. The values in these columns correspond to the values recorded in col. 6, table II. Col. 10: The per¬ 
centage of the total carbon absorbed that was recovered in the different fractions. 

t Carbon calculated from the increase in weight of the residue by multiplying by 0.4444, the percentage of carbon in cellulose. 
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designated glucose. The vigorous hydrolysis destroyed part of the glucose. 
By separate experiment this was found to be 4 per cent. [Cf. Davis and 
Daish (5).] To obtain the true value for glucose the observed value was 
increased by 4 per cent. 

In order to determine the total amount of levulose, the solution was 
heated in the boiling water bath for 20 minutes with 1 per cent* hydrochloric 
acid, and the reducing power determined after oxidation with iodine in the 
manner already described. The amount of levulose obtained by this analysis 
added to the total amount of glucose obtained by vigorous hydrolysis, yielded 


TABLE IV 

Amount of carbohydrvtes formed relative to the amount of carbon absorbed. 

Temperature: 10.0° C. # 


Experiment no. —> 

1 

2 

3 

4 

Recovery 

OF CARBON 
ABSORBED 

Minutes 

ILLUMINATION —> 

153 

145 

159 

148 





mg. 

mg. 

mg. 

1 mg. 1 

% 

Carbon absorbed 

8.050 


8.064 



Monosaccharides 

0.349 


0.663 


7.1 

Sucrose 

6.788 

4.648 

5.638 

5.819 

71.0 

Sugar not identified 
Polysaccharide not 

0.318 

0.736 

0.260 

0.289 

5.0 

identified 

-0.073 



0.292 

-0.5 

Starch 

0.673 

1.941 

1.610 

0.960 

16.1 

Total soluble carbohy¬ 






drate 

8.055 

8.544 

7.650 

7.589 


Recovered as soluble 






carbohydrate: % of 
C absorbed 

100.1 

105.7 

94.9 

94.0 

98.7 ± 2.1 

Residue t 

1.313 

-0.298 

1.848 

-0.316 

7.9 

Total caibon recovered 

9.368 

8.246 

9.498 

“7.273 


Total recovery: 






% of C absorbed 

116.4 

102.0 

117.8 

90.1 

106.6 + 5.0 


* Cf. explanation of table III; see footnote ( # ) table III. 
t From elementary carbon analyses. 


the total amount of reducing sugars obtainable from this solution. From 
this total quantity was subtracted the amount of sugars obtained by mild 
hydrolysis, viz,, glucose and sucrose. The difference was designated, “ sugar 
not identified.” 

Separate experiments demonstrated that analyses of mixtures of glucose 
and sucrose made by both the mild hydrolysis method and the vigorous 
hydrolysis method supplemented with the iodine oxidation, agreed on the 
average within 1.5 per cent. 1 

In summary, the sugars determined by the procedures described in this 
section were: monosaccharides, sucrose, and 1 *sugar not identified.” 

i Fot a discussion of this type of methods for the determination of ketoses, cf, 
Browne and Zerban (4). 
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Hot-WATER EXTRACT 

The solution obtained by extraction of the leaf material with hot water 
was concentrated to approximately 10 ml. on the boiling water bath. The 
concentrate was transferred quantitatively to a 50-ml. volumetric flask and 
diluted to the mark. After hydrolysis for 4 hours at 100° C. with 1N 
hydrochloric acid, the reducing power was determined. The carbohydrate 
estimated in this way was designated “ polysaccharide not identified / 9 

Acid extract 

The solution prepared by hydrolysis of the polysaccharides with 1.5 per 
cent, hydrochloric acid and extraction of the soluble sugars thus formed 
was neutralized and the reducing power of the solution determined. The 
carbohydrate determined in this manner was called starch. 

In all determinations the analytical data for the control sample were 
adjusted to correspond to a sample with the initial weight of the photo¬ 
synthesis sample. After making this adjustment, the difference in weights 
found in the corresponding categories of carbohydrates for the photosyn¬ 
thesis and the control samples was taken to be the increase in weight caused 
by photosynthesis. A typical experiment is detailed in table II. A summary 
of the increases of carbon in the carbohydrate and residue fractions corre¬ 
lated with the amount of carbon absorbed is given in tables III to V. 

TABLE V 

Correlation of carbohydrates recovered with the increase in carbon. 

Photosynthesis followed by prolonged respiration. 

Temperature: 20.0° C.* 


Experiment no. —» 

1 

2 


Minutes illumination —> 

84 

57 

Recovery 

Minutes respiration after 
illumination —» 

196 

243 

of carbon : 

NET GAIN 


Increase in carbon 


Carbon absorbed: total 

Carbon absorbed: net gain 
Monosaccharides 

Sucrose 

Sugar not identified 

Polysaccharide not identified 

Starch 

Total soluble carbohydrate 

mg. 

7.538 

6.331 

2.202 

2.766 

0.091 
- 0.026 

1.149 

6.182 

mg. 

8.063 

6.425 

2.249 

2.964 

0.564 

-0.176 

1.153 

6.754 

% 

34.9 

44.9 

5.1 

-1.6 

18.1 

Recovered as soluble carbohydrate: % of 
net gain in carbon 

Residue t 

Total carbon recovered 

97.6 

0.044 

6.226 

105.1 

-0.088 

6.666 

101.4 

-0.3 

Total recovery: % of net gain in carbon 

98.3 

103.8 

101.1 


# For explanation of the significance of the columns, cf. table III, footnote (*). 
t Cf. table III, footnote (t). 
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There was indication that pentoses or pentosans were present in the hot- 
water and the acid extracts. Even though these carbohydrates may have 
increased to a slight extent during photosynthesis, the percentage recovery 
of carbon in carbohydrates would have been little influenced by their in¬ 
crease because of the similarity in reducing power of the pentoses and 
glucose. 

Discussion 

From the ratio of the increase in carbon to the increase in dry weight, 
the percentage of carbon in the photosynthate was determined. From six 
experiments (table I) the percentage of carbon in the photosynthate was 
found to be 40.9 ztz 0.9 per cent, when calculated from the amount of carbon 
dioxide absorbed. When reckoned from combustion analysis, it was found 
to be 41.8 zb 1.1 per cent. The average, 41.4 zb 0.6 per cent., approximates 
the percentage of carbon in a disaccharide, 42.10 per cent. This is indirect 
evidence that the photosynthate is carbohydrate in nature. 

It may be of interest to note that the carbon percentage of the dried leaf 
portion used as control was found to be 45.74 zb 0.24 per cent. This value, 
when a reasonable correction for ash is made, would be raised to 51 or 52 per 
cent., which is considerably higher than the carbon content of the photosyn¬ 
thate, 41.4 per cent., or even of cellulose, 44.44 per cent. The causes for the 
accumulation in the leaf of compounds of higher carbon content than that 
of the photosynthate are not known. Two explanations of the effect may 
be suggested: (a) The photosynthate may be transformed into compounds 
of higher carbon Content by metabolic processes of the leaf such as dehydra¬ 
tion, cydization, and reduction, (b) The photosynthate, although prepon¬ 
derantly carbohydrate may contain small quantities of materials of higher 
carbon content. Through preferential respiration, the carbohydrates may 
be used up. This would permit accumulation of the compounds of higher 
carbon content. 

The nature and quantity of the organic matter formed was also deter¬ 
mined by direct analysis of the leaf constituents. As it turned out, most of 
the constituents, which increased on illumination of the leaf, could be con¬ 
verted into substances which reduced alkaline copper reagent (Somogyi’s 
reagent) and so were determined by this reagent. The increase in reducing 
power brought about by photosynthesis was calculated as glucose. An in¬ 
crease in the weight of the residual material, which remained insoluble 
throughout all the procedures employed, was also observed. This was a 
small part of the total increase. As yet the nature of this portion of the 
photosynthate is not known. It may be carbohydrate, Le., cellulose, hemi- 
cellulose, etc., or it may be protein inasmuch as the residue contained 
nitrogen. 

In table VI are tabulated the increases observed in various classes of 
organic substances expressed as percentages of the carbon absorbed by the 
assimilation of a known amount of carbon dioxide. An examination of 
table VI shows that the recovery of carbon absorbed is very close to 100 per 
cent. Because so large a fraction of the assimilated carbon dioxide has been 
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TABLE VI 

COMPARISON OF THE PROPORTIONS OF THE DIFFERENT CARBOHYDRATE FRACTIONS 
OBTAINED AT DIFFERENT TEMPERATURES 


Number of experiments 


• 

INCLUDED —» 

4 

7 

Temperature —» 

10.0° 

20.0° 

Average time of illumina- 



tion : minutes —> 

156 

58 


Recovery of carbon gained 

* 

%* 


Monosaccharide 

7.1 

10.0 

Sucrose 

71.0 

51.8 

Sugar not identified 

5.0 

3.1 

Polysaccharide not identified 

-0.5 

1.4 

Starch 

16.1 

25.5 

Total soluble carbohydrate 

98.7 ± 2.1 

91.9 ± 1.5 

Residue 

7.9 

6.5 

Total recovery 

106.6 ±5.0 

98.4 ±3.1 


* From table IV, col. 6. 

t From table III, col. 9. 

recovered as carbohydrate, especially at 10° C., it is apparent that the equiva¬ 
lence between carbon dioxide and carbohydrate required by the photosyn¬ 
thesis equation has in this instance been established. 

While, on the average, the residues of the illuminated portions of the 
leaves showed an increase in weight, this was not always so. In fact, the 
variations were so great, especially at 10° C., as to cast doubt on the signifi¬ 
cance of the average increase observed. 

Comparison of the results of the experiments carried out at 10° and 20° 
shows that at the lower temperature there was a greater recovery of carbon 
in sucrose and lesser recovery in starch and in monosaccharide. It is im¬ 
possible to say at the present time whether this may be used as evidence to 
substantiate any of the alternative theories concerning the sugar first formed 
in photosynthesis. 

If the assumption is made that carbohydrates are the sole products of 
photosynthesis ( cf . table VI), then after a period of prolonged respiration 
the possibilities exist that the carbon recovered as carbohydrate will be less 
than, equal to, or greater than the net amount of carbon absorbed. If, dur¬ 
ing this period of respiration, the carbohydrates are transformed into other 
soluble substances the amount of carbohydrate recovered will be a smaller 
fraction of the net gain in carbon than if no respiration period had been 
allowed. If only carbohydrates are respired then the observed gain in 
carbohydrates should represent the same fraction of the net gain in carbon 
as when no respiration period was permitted. If, however, other organic 
substances are transformed into carbohydrates, or are respired in amounts 
comparable to the carbohydrates, then the possibility exists that the increase 
in carbohydrates will be greater with a long respiration period than without. 
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The results of the experiments were quite variable. Approximations to 
all three of these conditions were found among the various experiments per¬ 
formed, although recovery in excess of 100 per cent, was never greater than 
the probable variation. So far no generalization can be made concerning 
the types of reactions which occur in the absence of light. Because of the 
variability observed in the different leaf samples it is conceivable that the 
type of reaction depends on the character or condition of the individual 
leaf used in the experiment. 

A striking feature of the prolonged respiration was the change brought 
about in the relative proportions of the different carbohydrates. For pur¬ 
poses of comparison, experiments employing long periods of respiration 
(table V) were chosen in which the total recovery of carbon was comparable 
to the recovery in the experiments with short respiration periods (table III). 
The comparison is shown in table VII. 

TABLE VII 

Comparison or the proportions of the different carbohydrate fractions 

OBTAINED IN EXPERIMENTS WITH AND WITHOUT A PROLONGED RESPIRATION 
PERIOD FOLLOWING PHOTOSYNTHESIS. TEMPERATURE: 20.0° C. 


Number of experiments 



INCLUDED —» 

2 

7 


m in . 

min . 

Average time of illumi- 



nation —> 

71 

58 

Average time of illumi- 



nation + respiration —» 

290 

66 


Recovery of carbon gained 


%* 

%t 

Monosa ccharides 

34.9 

10.0 

Sucrose 

44.9 

51.8 

Sugar not identified 

5.1 

3.1 

Polysaccharide not identified 

-1.6 

1.4 

Starch 

18.1 

25.5 

Total soluble carbohydrate 

101.4 

91.9 

Residue 

-0.3 

6.5 

Total recovery 

101.1 

98.4 


* From table Y, col. 4. 
t From table III, col. 9. 


From this comparison it is apparent that over the period of respiration 
the monosaccharides have increased to a very great degree. Starch and 
sucrose have both decreased. Possibly there is a significant decrease in the 
material contained in the insoluble residue, although this is doubtful in view 
of the large variations observed. It should be pointed out that under the 
conditions employed the leaves lost considerable water during photosynthesis 
and possessed a severe water deficit throughout the period of respiration. 
This may have influenced the change in the ratios of the different carbohy¬ 
drates during the prolonged respiration period for it is well known that 
water deficit in sunflower leaves influences the dissolution of starch ( 16 ). 
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Mechanism op carbohydrate formation 

From the results set forth in this paper it is evident that the ratio of the 
amount of carbohydrate formed to the amount of carbon dioxide absorbed 
is very close to the equivalence demanded by the commonly accepted photo¬ 
synthesis equation. This close statistical correspondence, however, does not 
insure that the carbon atoms absorbed as carbon dioxide are the ones trans¬ 
formed into the carbohydrate molecules recovered. If comparison of dif¬ 
ferent species of plants is justifiable, a correlation of the facts observed in 
this investigation with the facts already obtained by the use of radioactive 
carbon ( 11 ) might indicate that a direct transformation of carbon dioxide 
into carbohydrate is not accomplished by the photosynthetic process, other¬ 
wise a greater recovery of radioactive carbohydrates would have been ob¬ 
tained in the experiments with labeled carbon. To determine whether there 
is a direct conversion will require careful quantitative determinations to be 
carried out with labeled carbon on a number of different species of plants. 

Conclusions and summary 

From the results found in this investigation it may be stated that the 
equivalence demanded by the photosynthesis equation for the formation of 
carbohydrates from carbon dioxide has been demonstrated to be valid for 
sunflower leaves. There is a temperature effect on the proportion of the 
different classes of carbohydrates recovered after short periods of photo¬ 
synthesis. This effect apparently favors the accumulation of disaccharides, 
such as sucrose, at the lower temperature. 

The carbon content of the material accumulated during photosynthesis 
approaches that of a disacchaifide. It is considerably lower than the average 
carbon content of the organic material of the leaf. This indicates that 
metabolic reactions subsequent to photosynthesis tend to convert the material 
photosynthesized into compounds of higher carbon content. 

Respiration and transformation of the organic material formed during 
photosynthesis possibly follows different courses in different samples of sun¬ 
flower leaves. In most cases, however, the principal material respired seems 
to be carbohydrate. 

The results set forth in this paper have been obtained from the examina¬ 
tion of sunflower leaves alone. Only after examination of a large number 
of species of plants will it be permissible to generalize more extensively. 

The author wishes to acknowledge the many helpful suggestions received 
from his colleagues who were closely associated with this work: Dr. H. A. 
Spqehr, Dr. H. H. Strain, Dr. W. M. Manning, and Mr. Harold W. Milner. 
Special recognition is due Dr. Samuel S. Todd and Mr. David Frazier for 
their contribution to this research through making many of the analyses 
required. 

Carnegie Institution or Washington 
Division or Plant Biology 

Stanford University, California 
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BOLE OF ETHEB SOLUBLE ORGANIC ACIDS IN THE CATION- 
ANION BALANCE IN PLANTS 1 

Elwood C. Pierce and C. 0. Appleman 
(with six figures) 

Introduction 

Factors that influence salt absorption by plants have long been a subject 
of study. Only recently, however, (3, 4, 7, 8,11,16, 20, 23), have the effects 
of certain metabolic processes in the plant been recognized as intimately 
connected with salt absorption and accumulation. 

The present investigation has been concerned with the cation-anion bal¬ 
ance in several species of crop plants with special reference to the role of 
ether soluble organic acids. Prior to the work of Pucher, Vickery, and 
Wakeman (13, 14, 16), on the quantitative determination of organic acids 
in plant material, lack of accurate methods had seriously curtailed investi¬ 
gation along these lines. A study has been made of the selective capacity 
of the various species with respect to inorganic ions; of the quantity and 
kinds of organic acids in the different species grown in similar culture 
medium; and of the correlation between inorganic cations and ether soluble 
organic acids in the different species as a group. 

Materials and methods 

Culture methods 

Twelve species of plants were chosen for this investigation: spinach, 
variety Summer Savoy ( Spinacea oleracea L.); beets, variety Early Superb 
(Beta vulgaris L.); wheat, variety Leapland ( Triticum aestivum L.); Ken¬ 
tucky blue grass (Poa pratensis L.); alfalfa (Medicago sativa L.); lima bean 
(Phaseolus limensis Macf.); peas, variety Alaska ( Pisum sativum L.); soy¬ 
bean, variety Biloxi (Glycine soja Sieb. and Zucc.); buckwheat (Fagopyrum 
esculentum Gaertn.); lettuce, variety Grand Kapids (Lactuca sativa L.); 
cantaloupe, variety White Seeded Pink Meat (Cumcumis melo L.); and 
tomato, variety Break of Day (Lycopersicon esculentum Mill.). The seeds 
of the various species were planted in sand and when the plants had attained 
sufficient height they were thinned to a few uniform plants per pot. Six 
pots were allotted to each species of plant. 

The nutrient solution used had the following composition: 0.005M 
Ca (N0 3 ) 2 , 0.0025 M KH 2 P0 4 , and 0.0025 M MgS0 4 . The elements Cu, Mn, 
Zn, B, and Fe were used in the usual small quantities to supplement the 
three main salts in the nutrient solution. This solution was applied to all 
plants at the rate of approximately 1 liter per crock, per 24 hours. 

A modification of the Shive and Stahl capillary drip method (19) was 

i Scientific Contribution no. 1840, Article no. A27, Department of Botany, University 
of Maryland Agricultural Experiment Station. 
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used to apply the nutrient solution. The modification consisted of a series 
of enamel basins, usually 3, connected by siphons and constantly supplied by 
solution from an inverted 18-liter bottle. The basins were placed on a shelf 
between twin rows of coffee urn liners filled with sand; these crocks permit 
good drainage. The shelf was 2 to 3 inches higher than the tops of the 
crocks. The basins were covered with round lids cut from Celotex and 
painted with asphalt paint to prevent water absorption. Four crocks were 
supplied with nutrient from each basin by inserting capillary tubes into 
notches cut on the under side of the lids. Adjustment of the capillary tubes 
was facilitated by adjustable metal supports fastened to the shelf near the 
basins. The inverted 18-liter bottle maintained a constant head of pressure 
and insured uniform delivery of nutrient solution at all times. After the 
initial adjustment of the capillaries, which was done with the aid of a stop¬ 
watch, the only thing required was to keep the 18-liter reservoir filled. 

The 1940 crop was planted the latter part of September and all plants 
had been harvested by the end of November. In 1941 the experiment was 
repeated. This crop was planted the latter part of January and all plants 
had been harvested by the middle of April, with the exception of cantaloupe. 
The cantaloupe was not planted until April. The night temperature of the 
greenhouse was between 65° and 70° F. 

These experiments were concerned only with the vegetative phase of 
growth. All plants were harvested before they blossomed or, in cases where 
blossoms appeared before sufficient vegetative growth had been attained, the 
blossoms were pinched off. 

Tissue preparation and analytical methods 

All samples were taken between 9: 00 and 11: 00 a.m. Each set of plants 
was divided into two equal lots and the fresh weight obtained immediately. 
Where possible both lots were divided into stems and leaves, petioles being 
included with the stems. The leaves and stems of one lot were placed in 
separate quart fruit jars, the lid put on tightly, and jars placed in a refrig¬ 
erator at -15° C. The leaves and stems of the other lot were placed in 
separate wire baskets, dried in a hot air oven at 70° C., ground to pass a 
60-mesh sieve, then stored in aluminum boxes until ready for analysis. The 
samples put up for juice analysis were frozen at -15° C. for at least 12 
hours. After this time they were allowed to stand at room temperature 
until completely thawed. This usually required 3 to 4 hours. The material 
was then placed in a stout muslin cloth, subjected to 10,000 pounds pressure 
per square inch in a Carver hydraulic press, and the juice collected. The 
methods of the Association of Official Agricultural Chemists (1) were used 
for the final determination of calcium, magnesium, potassium, sulphur, and 
nitric acid. 

Moisture. —Immediately after the plants were cut, duplicate 15-20 gram 
samples of leaves and stems were snipped into tared aluminum boxes. The 
samples were dried to constant weight in a vacuum oven at 65° C. and 2-3 
cm. pressure. All results are based on dry tissue. 
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Ashing. —Duplicate f-gram samples of the dried, finely ground material 
were weighed into tared platinum crucibles. The material was moistened 
with 25 drops of sulphuric acid (1-10), dried in an oven at 95° C., then 
placed in a muffle furnace and ashed 4 hours at 600° C. The sulphuric acid 
was necessary to avoid explosion of the material while ashing. 

Calcium. —The residue from the ash determination was used for the 
determination of calcium. The method used was identical with that em¬ 
ployed for the analysis of calcium in the juice, except that the volume of 
the ash solution was 50 ml. 

Magnesium. —The filtrate and washings from the calcium determination 
did not contain sufficient magnesium to permit an accurate determination 
of this constituent. A larger aliquot, 20 ml., was used. This was treated in 
the same way as the calcium determination and magnesium determined on 
the filtrate and washings. 

Potassium. —Duplicate 10-ml. aliquots of the ash solution were used for 
the determination of potassium. The rapid official method (1) was used. 

Phosphorus and sulphur. —A separate ashing was necessary for the 
determination of phosphorus and sulphur. Duplicate 1.0-gram samples 
were weighed into large porcelain crucibles and ashed by the magesium 
nitrate method (1). Phosphorus in the ash was determined by the method 
of Fiske and Subbarow (6) . An Aminco photometer was used for the com¬ 
parisons. A standardization curve was constructed, using varying concen¬ 
trations of pure KH 2 P0 4 . Sulphur in the ash solution was determined by 
the official method (1). 

Total non-volatile organic acids, oxalic and citric acids. —The meth¬ 
ods used were those of Pucher, Vickery, and Wakeman (13, 14). 

Malic acid.— The uranium acetate method of Dunbar and Bacon (5), 
modified by Vickery and Pucher (21) was used. Admittedly this method 
is not as good as the one developed later by Pucher, Vickery, and Wake- 
man (15) but the time saved justified its use. 

Nitric acid. —The method used for the extraction of the organic acids 
also extracted the nitric acid quantitatively. A suitable aliquot was re¬ 
duced, distilled, and Nesslerized (1). Headings were taken in an Aminco 
photometer and the quantity of nitrogen read from a standardization curve. 

Sap analysis 

The determination of sap soluble constituents in the extracted juice is 
based on the work of Sayre and Morris (17,18). 

Total solids. —Duplicate 2-ml. samples of the juice were dried in a hot 
air oven at 70° C., then placed in a vacuum oven at 65° C. and 2 to 3 cm. 
pressure until constant weights were obtained. 

Oxalic acid. —Aliquots of 5 to 10 ml. of juice, depending upon the oxalic 
acid content, were pipetted into 25-ml. volumetric flasks and made to volunje. 
Duplicate 10-ml. aliquots of the diluted juice were measured into 100-ml. 
beakers and 0.5 normal HC1 added until slightly acid to Congo red. This 
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was allowed to stand overnight and any material that flocculated was filtered 
off on an asbestos mat. The coagulum was washed 2 or 3 times with small 
amounts of water slightly acidified with HC1. From this point the method 
was identical with that used by Pucher, Vickery, and Wakeman (13) to 
determine oxalic acid in the ether extract of dried tissue. 

Calcium. —Duplicate 10-ml. samples of the juice were measured into 
small porcelain crucibles and dried in a hot air oven at 70° C. The material 

TABLE I 

Inorganic cations, 1940 crop 


MlLLIEQUIVALENTS PER 100 GRAMS OF DRY TISSUE 


Plant 

Total 

MAG¬ 

NESIUM 

Total 

potas¬ 

sium 

Total 

calcium 

Soluble 

calcium 

Soluble 

calcium, 

percentage 

OF TOTAL 



m. eq. 

m. eq. 

m. eq. 

m. eq. 

% 

Lima bean 

Leaves 

74.0 

113.2 

117.2 

80.5 

68.7 


Stems 

64.6 

167.3 

81.7 

57.5 

70.5 

Peas 

Leaves 

52.6 

78.9 

128.0 




Stems 

34.5 

115.1 

59.0 



Alfalfa 

Leaves 

56.7 

80.6 

132.6 

69.6 

52.5 


Stems 

42.8 

92.7 

45.6 

16.3 

35.8 

Soybean 

Leaves 

93.5 

88.5 

132.3 

55.8 

49.7 


Stems 

85.5 

146.1 

80.3 

38.8 

48.3 

Beets 

Leaves 

240.6 

176.6 

99.0 

2.3 

2.4 


Petioles 

92.9 

348.5 

27.8 

4.7 

17.2 

Spinach 

Leaves 

165.3 

186.5 

127.6 

3.3 

1.0 


Petioles 

103.0 

333.7 

74.3 

2.0 

2.8 

Buckwheat 

Leaves 

188.5 

61.9 

146.6 

4.8 

3.3 


Stems 

110.8 

243.0 

105.6 

13.6 

12.9 

Bluegrass 

Leaves 

52.6 

3 55.1 

24.6 

20.3 

82.6 

Wheat 

Leaves 

52.1 

191.5 

22.6 

17.0 

75.3 

Tomato 

Leaves 

114.3 

102.0 

183.0 

91.0 

49.8 


Stems 

129.4 

228.0 

304.3 

33.8 

32.4 

Lettuce 

Leaves 

59.2 

216.9 

81.6 

48.7 

59.6 

Cantaloupe 

Leaves 

125.0 

96.3 

291.3 

45.7 

15.7 


Stems 

93.2 

216.9 

79.6 

46.0 

57.8 


was moistened with a few drops of sulphuric acid (1:10) and heated gently 
over a low flame until thoroughly charred. The crucibles were then placed 
in a muffle furnace and ashed for 4 hours at 600° C. The addition of sul¬ 
phuric acid was necessary to eliminate explosion of the material during 
ashing. 

The ash was dissolved in dilute HC1, taken to dryness to dehydrate any 
silica, redissolved in dilute HC1 and made to a volume of 25 ml. Calcium 
was determined on 10-ml. aliquots of this solution by the official micro 
method (1). 

Results 

The plants from the 1940 and 1941 crops were quite comparable with 
respect to age, height, and fresh weight, with the exception of cantaloupe. 
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The 1940 crop of cantaloupe was grown in the late fall when light intensity 
was low and consequently there was less growth than in the 1941 crop which 
was grown in April and May when light intensity was increasing. Regard¬ 
less of the difference in the amount of growth of the two crops, analyses 
based on dry weight showed them to be quite comparable. The absolute 
values for age, height, and fresh weight are not recorded as they were of 
importance only in comparing the growth of the two crops. 



Fig. 1. Distribution of Ca, Mg, and K in leaves and stems of the species tested 
(1941 crop). 


Inorganic cations and anions 


Table I gives the inorganic cations in milliequivalents per 100 grams of 
dry tissue in the different plants for the 1940 crop and table II the inorganic 
cations and anions for the 1941 crop. The inorganic anions were not deter¬ 
mined in the 1940 crop. It can be seen that the inorganic ion content is 
quite comparable in the two crops. The data on the cations of the 1941 
crop are shown more clearly in fiigure 1. Figure 2 shows graphically the 
distribution of calcium. Since the 1940 crop was similar it is not included. 

It is clearly shown that when different species of plants are all grown 
under similar conditions of nutrient supply they take up inorganic ions in 
varying proportions according to inherent characteristics of the plant. It 
should be noted that even plants in the same families all tend to accumulate 
cations in the same relative proportions (legumes: soy beans, lima beans, 
alfalfa, and peas; the Chenopodiaceae: beets and spinach; the grasses: blue- 
grass and whjeit. These results corroborate those of Newton (9). 
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Fig. 2. Belative amounts of soluble and insoluble calcium in leaves and stems of the 
species tested (1941 crop). 


Calcium and magnesium tend to accumulate in greater quantities in the 
leaf blade tissue than in the stems and petioles. The reverse is true of potas- 

TABLE II 

Inorganic anions and cations, 1941 crop 


Plant 

Milliequivalents per 100 grams of dry tissue 

Soluble 

calcium, 

PERCENT¬ 
AGE OF 

TOTAL 

Total 

no 3 

Total 

SO= 4 

Total 

h 2 po. 

Total 

MAG¬ 

NESIUM 

Total 

rOTAS- 

SIUM 

Total 

cal¬ 

cium 

Solu¬ 

ble 

cal¬ 

cium 



Hi. eq. 

in. cq. 

m. eq. 

m. eq. 

m. eq. 

w. eq. 

77i. eq. 

% 

Lima bean 

Leaves 

28.4 

18.5 

13.1 

69.6 

98.9 

118.3 

90.8 

76.8 


Stems 

32.3 

9.5 

15.2 

48.5 

125.7 

75.0 

31.5 

42.1 

Pea 8 

Leaves 

19.5 

25.9 

23.9 

47.8 

77.8 

105.5 

86.5 

82.1 


Stems 

48.7 

12.8 

15.3 

33.7 

114.4 

66.0 

43.1 

65.3 

Alfalfa 

Leaves 

24.6 

34.4 

19.4 

41.4 

93.4 

109.0 

53.9 

49.4 


Stems 

29.6 

15.1 

21.8 

33.4 

123.6 

49.7 

18.4 

37.3 

Soybean 

Leaves 

15.0 


24.9 

71.0 

76.6 

128.7 

71.6 

55.7 


Stems 

32.1 

23.3 

23.6 

58.1 

104.2 

81.0 

36.0 

44.4 

Beets 

Leaves 

22.3 


24.9 

201.8 

151.7 

112.0 

1.3 

1.2 


Petioles 

157.5 

12.4 

15.2 

65.3 

261.0 

42.3 

2.7 

8.9 

Spinach 

Leaves 

40.4 


39.7 

137.3 

186.7 

.133.7 

1.1 

0.9 


Petioles 

100.3 

22.2 

37.9 

85.2 

242.1 

51.3 

2.6 

5.2 

Buckwheat 

Leaves 

17.7 


27.1 

174.9 

57.8 

157.0 

2.8 

1.8 


Stems 

162.5 

12.2 

22.1 

92.1 

186.7 

106.0 

13.5 

12.7 

Bluegrass 

Leaves 

74.3 

26.7 

23.4 

47.7 

142.2 

23.0 

17.0 

75.7 

Wheat 

Leaves 

76.9 


35.7 

41.7 

173.1 

22.7 

15.0 

66.7 

Tomato 

Leaves 

20.4 

91.8 

30.0 

105.3 

82.4 

191.7 

116.8 

60.9 


Stems 

106.4 

15.2 

29.7 

119.3 

181.4 

112.0 

39.7 

35.3 

Lettuce 

Leaves 

54.3 

24.8 

26.3 

50.5 

195.2 

60.7 

47.5 

78.5 

Cantaloupe • 

Leaves 

44.3 

72.4 

26.9 

148.6 

72.6 

336.7 

51.0 

15.2 


Stems 

120.7 

27.4 

26.1 

81.1 

148.0 

91.7 

59.8 

65.5 
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sium. Much larger quantities of this element accumulate in the stems and 
petioles than in the leaf blades. The exceedingly high amount of calcium 
present in cantaloupe leaves is of special interest and will be considered 
later. The soluble calcium as percentage of the total ranges from 70 to 80 
per cent, in some plants and down to 1 per cent, in others. 

Organic acids 

Tables III and IY give the values of the various organic acids in milli- 
equivalents per 100 grams of dry tissue in the two crops, 1940 and 1941. 

TABLE III 

Organic acids, 1940 crop 


Plant 

MlLLIF.QUIVALENTS PER 100 GRAMS OF DRY TISSUE 

Unknown 

AS PER¬ 
CENTAGE 
OF TOTAL 

Total 

acids 

Oxalic 

Malic 

Citric 

Un¬ 

known 

acids 



m . eq . 

m . eq . 

m . eq . 

m . eq . 

rn . eq . 

% 

Lima bean 

Leaves 

237.2 

30.2 

24.9 

38.5 

143.6 

60.5 


Stems 

259.3 

29.6 

30.2 

32.2 

167.3 

64.5 

Peas 

Leaves 

255.7 

17.0 

56.1 

86.0 

96.6 

37.8 


Stems 

219.6 

6.0 

47.0 

56.0 

110.6 

50.4 

Alfalfa 

Leaves 

199.5 

30.0 

24.9 

22.9 

121.7 

61.0 


Stems 

166.8 

9.8 

16.8 

10.9 

129.3 

77.5 

Soybean 

Leaves 

246.1 

17.4 

1.3 

58.0 

169.4 

68.8 


Stems 

235.5 

21.8 

26.2 

20.6 

166.9 

70.9 

Beets 

Leaves 

405.9 

298.0 

21.2 

20.6 

66.1 

16.3 


Petioles 

201.8 

86.6 

40.0 

22.4 

52.8 

26.2 

Spinach 

Leaves 

362.1 

280.4 

6.5 

3.7 

71.5 

19.7 


Petioles 

238.5 

150.9 

16.8 

4.9 

65.9 

27.6 

Buckwheat 

Leaves 

353.6 

253.8 

15.8 

26.4 

57.6 

16.3 


Stems 

207.2 

109.2 

16.8 

13.4 

67.8 

32.7 

Bluegrass 

Leaves 

142.7 

0.0 

7.7 

26.3 

108.7 

76.2 

Wheat 

Leaves 

133.5 

0.0 

16.4 

6.5 

110.6 

82.8 

Tomato 

Leaves 

239.7 

69.3 

30.9 

53.8 

85.7 

35.7 


Stems 

220.5 

82.1 

52.7 

10.7 

75.0 

34.0 

Lettuce 

Leaves 

197.2 

2.3 

72.1 

18.6 

104.2 

52.8 

Cantaloupe 

Leaves 

85.6 

0.0 

22.2 

34.0 

29.4 

34.3 


Stems 

129.7 

0.0 

53.7 

10.7 

65.3 

50.3 


A word of warning is necessary when comparing the data in this experiment 
with data from plants grown under different conditions. As Clark (4) and 
Wadleigh and Shive (23) have shown and as Vickery and Pucher (22) 
have stated, the kinds and amounts of organic acids occurring in plants are 
profoundly influenced by the form in which nitrogen is supplied to the plant. 

It is evident that in many cases it is possible to account for only a small 
amount of the total organic acidity as oxalic, malic, and citric acids. In 
wheat and blue grass the unknown organic acids make up 70 to 80 per cent, 
of the total; in beets, spinach, and buckwheat 70 to 85 per cent, of the total 
acids can be accounted for. Data of this nature clearly show that there is 
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still much to be done in the way of developing suitable methods for the deter¬ 
mination of the acids of the unknown group. 

CATION-ANION BALANCE 

Pucher, Vickery, and Wakeman (16) have shown in tobacco grown 
under controlled fertilizer conditions a large excess of positive ions over 
inorganic anions, and this excess is balanced by the ether soluble organic 
acids. An attempt has been made in the present investigation to determine 
if this is a common phenomenon among plants in general. 

TABLE IV 
Organic acids, 1941 crop 




Milliequivalents per 100 grams of dry tissue 

Unknown 

Plant 

Total 

acids 

Oxalic 

Malic 

Citric 

Un¬ 

known 

acids 

as per¬ 
centage 
of total 



m. eq. 

fit. eq. 

m. eq. 

in. eq. 

m. eq. 

% 

Lima bean 

Leaves 

249.7 

16.9 

65.8 

48.6 

118.4 

47.4 


Stems 

171.1 

31.1 

24.5 

33.1 

82.4 

48.2 

Peas 

Leaves 

212.9 

15.1 

42.6 


74.4 

34.9 


Stems 

181.0 

7.3 

46.5 

34.5 

92.7 

51.2 

Alfalfa 

Leaves 

185.7 

14.1 


14.5 

135.3 

72.9 


Stems 

140.7 

4.9 


8.4 


68.6 

Soybean 

Leaves 

248.7 

15.9 


104.6 

117.6 

47.3 

Stems 

177.0 

18.9 


26.8 


68.0 

Beets 

Leaves 

427.5 

322.9 



59.2 

13.8 


Petioles 

203.1 

97.8 


24.8 

51.6 

25.4 

Spinach 

Leaves 

380.4 

309.0 


10.5 


13.7 

Petioles 

226.2 

110.2 


9.6 

46.3 

20.5 

Buckwheat 

Leaves 

360.1 

265.7 


13.8 

66.5 

18.5 


Stems 

205.6 

110.4 


6.6 

54.5 

26.5 

Bluegrass 

Leaves 

108.5 

0.0 

9.1 

27.8 

71.6 

66.0 

Wheat 

Leaves 

122.1 

0.0 

18.3 

9.6 

94.2 

77.2 

Tomato 

Leaves 

269.8 

45.2 

61.1 

74.4 

89.1 

33.0 


Stems 

231.6 

81.3 

89.3 

12.3 

48.7 

21.0 

Lettuce 

Leaves 

220.8 

1.4 

109.0 

32.2 

78.2 

35.4 

Cantaloupe 

Leaves 

99.2 

0.0 

26.2 

19.4 

53.6 

54.0 

Stems 

119.4 

0.0 

54.4 

5.9 

59.1 

49.5 


In the analyses no attempt was made to fractionate organic and inorganic 
sulphur and phosphorus. In the calculations of milliequivalents of anions 
all sulphur was considered as sulphate and all phosphorus as diacid phos¬ 
phate. This is not strictly true, as phosphorus and sulphur are known to 
enter into many organic compounds as proteins, phosphatides, hexose phos¬ 
phates, etc. It seems safe to assume, however, that the major portions of 
these elements are in the inorganic form in the plant. All phosphorus was 
calculated as the monophosphate ion as this is practically the only form in 
which it can exist at the pH characteristic of the sap of the plants tested. 

Table V presents data showing the relationship between the excess in¬ 
organic cations and ether soluble organic acids in the leaves and stems. 
Figure 3 presents the data of table V in graphic form. 
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Fig. 3. Correlation between excess cations and total organic acids in leaves and 
stems of several species (1941 crop). 

As far as the authors are aware these are the first data to show that in¬ 
organic cations and ether soluble organic acids are positively correlated in 

TABLE V 

Correlation between excess inorganic cations and total organic acids, 1941 crop 
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a series of different species of plants. The correlation in the leaf blade 
tissue is exceedingly high (+ 0.996), that in the stem and petiole tissue not 
as high (+0.798). 

It will be noted in table V, that the cantaloupe plant has the highest 
cation content, but the lowest organic acid content, of any of the species 
tested. The exceedingly high amount of calcium present in the leaves of 
cantaloupe is rather unusual. Approximately 85 per cent, is insoluble but 



Fig. 4. Comparison of the amounts of oxalic and citric acid with the amounts of 
different cations occurring in the plants tested. 

it is not obvious in what combination it exists. There is no oxalic acid in 
the cantaloupe plant so the possibility of insoluble calcium oxalate is ex¬ 
cluded. The pH 7.4 to 7.6 of the expressed sap is unusually high. This 
immediately suggests the possibility that part of the cations are tied up as 
carbonate and bicarbonate. Preliminary experiments, however, do not in¬ 
dicate a very large amount of C0 2 in the sap. Under more careful condi¬ 
tions this may not prove to be the case. Work is now in progress to deter- 
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mine what substances other than phosphate, sulphate, nitrate, and organic 
acids are binding the large quantities of cations in this plant. Iljin (8) 
found, in general, that soluble calcium in plants was positively correlated 
with malic and citric acid content. Piatnitsky (11) found that excised 
leaves of adult tobacco plants accumulated citric acid when exposed to a 
solution of MgCl 2 . The increase in citric acid was nearly equivalent to the 
decrease in malic acid. 



Fig. 5. Comparison of the amounts of malic acid and acids of the unknown group 
with the amounts of different cations occurring in the plants tested (1941 crop). 

Figures 4 and 5 compare graphically the amounts of determined organic 
acids as well as the unknown group with the amounts of cations found in 
the various plants. No striking correlations are evident. Malic and citric 
acids are found to be somewhat correlated with soluble calcium, particularly 
in the leaf tissue. Citric acid and those acids of the unknown group show 
a small negative correlation with total magnesium content in the stems and 
petioles. * 

In spinach, beets, and buckwheat a relatively large proportion of the 
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organic acids could be accounted for principally as oxalic acid. Figure 4 
shows that in the leaves of these plants total calcium decreases as total oxalic 
acid increases. Total magnesium content is considerably higher in these 
plants than in the others, indicating enhanced magnesium absorption. 

Results of the present investigation indicate that those plants which pro¬ 
duce no oxalic acid have very small quantities of insoluble calciutn (figures 
4 and 6). The major portion of the calcium is in a sap soluble state. There 
are exceptions to this, such as cantaloupe. In the plants that produce some 
oxalic acid, but no large quantity, all of the oxalic acid is precipitated, pre¬ 
sumably as calcium oxalate. The major portion of the calcium, however, is 



Fig. 6. Relationship between insoluble calcium and insoluble oxalates in leaves and 
stems of several species tested (1941 crop). 

still in a sap soluble state. Those plants (beets, spinach, and buckwheat), 
which produce large quantities of oxalic acid have practically all of the 
calcium in an insoluble state, only traces of sap soluble calcium occurring. 
In addition these plants have considerable quantities of oxalates dissolved 
in the cell sap. According to this, the picture ranges from those plants with 
no oxalic acid and a relatively large proportion of sap soluble calcium to 
those plants with large quantities of oxalic acid and little or no soluble 
calcium. 

Table VI shows the high positive correlation between insoluble calcium 
and insoluble oxalates. Figure 6 presents the same data in graphic form for 
the 1941 crop. It will be noted that in the three plants producing the larg- 
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TABLE VI 

Correlation between insoluble oxalic acid and insoluble calcium, 

1940 crop 


Plant 

MlLLIEQUIVALENTS PER 100 GRAMS OP DRY TISSUE 

Leaves 

! 

Stems and petioles 

Insoluble 

OXALIC ACID 

Insoluble 

CALCIUM 

Insoluble 

OXALIC ACID 

Insoluble 

calcium 


m. eq . 

m. eq. 

m. eq. 

m. eq. 

Lima bean 

30.2 

36.7 

29.6 

24.2 

Peas 





Alfalfa 

30.0 

63.0 

9.8 

29.3 

Soybean 

17.4 

56.5 

21.8 

41.5 

Beets 

209.8 

96.7 

37.9 

23.1 

Spinach 

155.0 

126.3 

84.3 

72.3 

Buckwheat 

242.9 

141.8 

109.2 

92.0 

Bluegrass 

0.0 

4.3 



Wheat 

0.0 

5.6 



Tomato 

69.3 

92.0 

82.1 

70.5 

Lettuce 

2.3 

32.9 




Correlation coefficient = + .886 

Correlation coefficient = + .929 


1941 Crop 


Lima bean 

16.9 

27.5 

31.1 

43.5 

Peas 

51.1 

19.0 

7.5 

22.9 

Alfalfa 

14.1 

55.1 

4.9 

31.3 

Soybean 

15.9 

57.1 

18.9 

45.0 

Beets 

161.0 

110.7 

66.1 

39.6 

Spinach 

167.4 

132.6 

49.4 

48.7 

Buckwheat 

239.8 

154.2 

100.6 

92.5 

Bluegrass 

0.0 

6.0 



Wheat 

0.0 

7.7 



Tomato 

45.2 

74.9 

81.3 

72.3 

Lettuce 

1.4 

13.2 




Correlation coefficient = + .946 

Correlation coefficient = + .884 


est quantities of oxalic acid, insoluble oxalates exceed the amount of in¬ 
soluble calcium. Obviously some other cation besides calcium must exist 
in the form of an insoluble oxalate in the plant. Whenever juice of beets, 
spinach, or buckwheat is allowed to stand for a few hours a white crystalline 
precipitate appears. This has been identified as pure magnesium oxalate. 
Previous evidence has been obtained by the senior author (12) that mag¬ 
nesium is precipitated by oxalic acid. Magnesium oxalate is known to form 
a supersaturated solution rather easily and it appears that this is what 
happens in the plant. With an increased uptake of magnesium, however, 
the limits of supersaturation are bound to be exceeded and some of the mag¬ 
nesium oxalate will be precipitated. 

Summary and conclusions 

Twelve different species of plants were grown in the greenhouse under 
controlled solution culture and all plants received the same nutrient supply. 
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Chemical analyses were made with the idea of studying the cation-anion bal¬ 
ance in the different species of plants. 

Inorganic ions were found to be taken up in varying proportions accord¬ 
ing to inherent characteristics of the plant. Plants in the same family 
tended to accumulate ions in relatively the same proportions. 

Data were obtained on the kinds and amounts of organic acids occurring 
in a variety of plants. In some plants the unknown fraction of organic 
acids made up 70 to 80 per cent, of the total, while in others the unknown 
fraction amounted to only 15 to 25 per cent. 

In all of the plants studied, except cantaloupe, a large excess of inorganic 
cations over inorganic anions was found and when all plants were considered 
together this excess was found to be highly correlated with total ether soluble 
organic acids. Cantaloupe was the outstanding exception. It contained 
the largest amounts of cations but the smallest amounts of organic acids of 
any of the species tested. 

In the leaves malic and citric acids showed a rather low positive corre¬ 
lation with soluble calcium. Citric acid and those acids of the unknown 
group showed a rather small negative correlation with total magnesium con¬ 
tent in the stems and petioles. 

Insoluble oxalates and insoluble calcium were found to be highly corre¬ 
lated when the plants were considered as a group. In three cases insoluble 
oxalic acid exceeded the amount of insoluble calcium. Evidence was cited 
that the additional insoluble oxalic acid was present as magnesium oxalate. 
Magnesium content increased with increased oxalic acid content. 

Those plants with little or no oxalic acid had a large proportion of the 
calcium in a sap soluble state, while those plants high in oxalic acid had but 
traces of sap soluble calcium. 

University of Maryland 
College Park, Maryland 
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AMOUNT AND DURATION OF GROWTH OF VARIOUS 
SPECIES OF TREE SEEDLINGS 

Paul J. Kramer 
(with pour figures) 

Introduction 

This paper deals with the results of measurements of the length of grow¬ 
ing season and amount of growth made by tree seedlings of eleven different 
species, including some species with northern and some with southern ranges. 
*The seedlings were grown together for three years under the same environ¬ 
mental conditions. The species used were balsam fir ( Abies balsamea (L.) 
Mill.), loblolly pine (Firms tarda L.), shortleaf pine (P. echinata Mill.), 
slash pine (P. caribaea Morelet), red pine (P. resinosa Ait.), white pine 
(P. strobus L.), white ash (Fraxirms americana L.), eastern red oak ( Quer - 
cus borealis maxima (Marsh) Ashe), white oak (Q. alba L.), yellow poplar 
(Liriodendron tulipifera L.) and black walnut ( Juglans nigra L.). The 
balsam fir, red, and white pine were obtained from the New York State Col¬ 
lege of Forestry at Syracuse and were three years old. The red and white 
oak were grown from seed in our greenhouses and were one year old; all of 
the other species were one-year-old stock from the state nursery at Clayton, 
North Carolina. 

The red pine and balsam fir do not naturally extend as far south as North 
Carolina; and white pine, with a few exceptions, is restricted to the moun¬ 
tains in this region. The normal range of slash pine does not extend as far 
north as North Carolina, while loblolly and shortleaf pine occur both north 
and south of North Carolina. This combination of species gave an excellent 
opportunity to compare the behavior of conifers planted north and south of 
their natural ranges with that of conifers growing well inside their natural 
ranges. Durham is within the southeastern limit of distribution for black 
walnut and red oak, and the other three deciduous species extend from the 
Gulf to Canada; thus all of the deciduous species used in this experiment 
were within their natural range. 

A number of studies of tree growth have been made in America but none 
of them include comparisons of most of the species dealt with in this study, 
and none of them include data on the growth of northern species when trans¬ 
planted outside their normal range. No formal review of the literature will 
be made as the pertinent papers are cited in connection with various phases 
of the work. Baldwin (1) has discussed most of the important papers. 

Methods 

Thirty trees of each species were planted in a rectangular plot of ground 
in rows two feet apart, the individual trees being 18 inches apart in the rows. 
The individuals of each species except black walnut were located at random 
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in the plot so that all species were exposed to any variations in soil moisture 
and fertility in different parts of the plot. The black walnut was obtained 
too late to be included in the randomized planting so it was planted in a row 
along one side of the plot and only 25 trees were grown. Stakes were driven 
into the ground beside each tree the first year and reference marks made by 
driving nails through the stakes at the ground level. The second and third 
years 9 measurements were made from small nails driven into the trees. 
Measurements were made to 0.5 cm. with a meter stick. At the end of the 
second growing season the white ash and yellow poplar were so large that 
they were beginning to shade the other species so they were removed. 

Results 

The results of this experiment are discussed under three headings: first, 
the relative amounts of shoot growth made by the various species in a grow¬ 
ing season; second, the relative lengths of growing seasons of the various 
species; and third, a comparison of the length of growing season of certain 
species at Durham, North Carolina, and in New England. 

Relative growth 

Relative amounts of growth made by the various species in a season are 
shown graphically in figures 1 and 2. As would be expected there are very 
considerable species differences. Yellow poplar and white ash grew much 
more rapidly than red and white oak and black walnut. The third season 
black walnut grew somewhat more rapidly than the oaks. The white ash 
and yellow poplar had become so large by the end of the second season that 
they seriously shaded the smaller conifers so they were cut. Differences in 
growth rate between the coniferous species were also consistently large. 
Loblolly pine made the most growth every year, slash and shortleaf pine 
made about two-thirds as much growth as loblolly; red and white pine made 
only about one-sixth as much growth as loblolly pine. The behavior of the 
pines in this experiment is in accord with their behavior in experimental 
plantations on the Duke Forest (14). Eight years after planting, the aver¬ 
age heights of trees in adjacent plantations set out the same winter were: 
loblolly pine, 18.1; slash pine, 12.6; red pine, 2.3; and white pine, 3.8 feet. 
These trees were in adjacent plantations and their rate of growth might have 
been somewhat affected by variations in soil conditions; the trees in our 
experiment, however, were randomized among each other so that all species 
were exposed to similar soil conditions. 

There were considerable differences in mortality among the seedlings of 
the various species, especially among the conifers (table I). The only de¬ 
ciduous species with high mortality was black walnut, 64 per cent, of the 
seedlings of this species* having died by the end of the third year. Only 
three to ten per cent, of the seedlings of the other deciduous species died. 
Black walnut is rather difficult to transplant because of its large root system 
and furthermore it was not randomized with the other species, so one end 
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of the row may have been in relatively less favorable soil, thus increasing its 
mortality. The mortality among loblolly, shortleaf, and slash pine was only 
three to ten per cent., but 26 per cent, of the red pine and 46 per cent, of 
the white pine died during the three-year period. The highest mortality 
was in balsam fir of which 80 per cent, died the first season and 93 per cent, 
were dead by the end of the third season. In another nearby plot planted 
with seedlings from the same sources, and in most respects a replication of 
the one described in this paper, the mortality of red and white pine and bal¬ 
sam fir was comparable. 



Fig. 1. Height growth of hardwoods during second and third seasons after planting. 
White ash and yellow poplar were removed at end of second season because they were over¬ 
topping other species. 


Length of growing season 

Large differences existed between species with respect to length of grow¬ 
ing season and course of growth during a season as well as with respect to 
the amount of growth made in a season. These data are summarized in 
table I. Figure 1 shows graphically the behavior of the hardwood species. 
All species resumed growth somewhat later the third season than the second 
season. Inspection of climatological data for Durham indicates that March, 
1938, was about 6° F. warmer than average and March, 1939, about 3° F. 
warmer than average; it is doubtful, however, if this small difference in 
temperature can explain the difference in time of resumption of growth. 
Rainfall was adequate both springs. While white ash and yellow poplar 
behaved similarly in making more growth than any of the other hardwoods 
the manner in which this growth was distributed over the growing season 
was quite different in the two species (see figures 1 and 3). Both species 
resumed growth about April 1, but white ash made 50 per cent, of its growth 
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in April, slowed down in May and June, and ceased in late July or early 
August after a growing period of about 130 days. Yellow poplar had no 
peak month, but made about 20 per cent, of its growth each month from 
April to July inclusive, slowed down in August, and ceased in September 
after a growing period of 160 days. Red and white oak most nearly resem¬ 
bled white ash because they made about half the season’s growth in April 
and had shorter growing seasons than yellow poplar. Even these species 
did not behave in exactly the same manner, however. Growth of eastern red 
oak gradually slowed down after the April peak and ceased in August while 
white oak had a peak in April, grew but little in May, but made rapid growth 
in June, then gradually slowed down and ceased growth in August. Com¬ 
pared to the oaks, black walnut started rather slowly in the spring, reached 



19138 1939 

Fig. 2. Height growth of pines during two seasons. 


after a "rowing: season of 115 or more days. Individual trees ceased growth 
at intervals during the growing season, and even formed buds, then after a 
few weeks resumed growth again. This variation in the behavior of indi¬ 
vidual trees was most noticeable among the oaks, but occurred in all species, 
including the conifers. 

The behavior of the pines is of particular interest because it provided a 
comparison of the length of growing season of the northern species, when 
grown in the south, with the southern species. The data for pine are shown 
graphically in figure 2. In general the northern species of pines made 
slightly more growth in March than the southern species though white pine 
did not resume growth until April 1 in 1939. The few surviving balsam fir 
seedlings resumed growth 7 to 10 days later than any other species studied. 
Both red and white pine made over 65 per cent, of their growth in April and 
over 90 per cent, of their growth by the end of May. White pine ceased 
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growth in late July while red pine made a small amount of growth in August. 
In contrast to the northern species, which made most of their growth in 
April and completely ceased to grow by July or August, loblolly, slash, and 
shortleaf pine had no well-defined peak in growth. All three species made 
measurable growth in March and made from 15 to 20 per cent, of the sea¬ 
son's growth in every month from April to August, six to eight per cent, in 
September, and finally ceased growth early in October after growing seasons 
of 200 to 210 days. Reed (17) in an earlier experiment at Durham, North 
Carolina, reported that loblolly pine resumed growth in late March and 
shortleaf pine in early April. Both species ceased growth about September 
8, after a growing season of 170 days for loblolly, and 155 days for shortleaf 
pine. Reed's trees were six years old and over six feet high and this differ¬ 
ence in size may have some bearing on the difference in length of growing 
season. 

Comparison of length of orowing season in North 
Carolina and New England 

Few data are available concerning the growth of hardwoods farther 
north except those of Illick (7) obtained at Mont Alto, Pennsylvania, and 



Fig. 3. Height growth of white ash and yellow poplar at Durham, North Carolina, 
and at northern stations. The data for white ash in Connecticut are from Kienholz (11); 
the data for yellow poplar in Pennsylvania are from Illick (7). 

those obtained by Kienholz (11) in northwestern Connecticut. Their 
observations were made on trees which were older and larger than those 
measured in this study. Age and size of tree may have some effect on the 
length of the growing season but no definite information is available con¬ 
cerning the relation between length of growing season and age of tree. 
Figure 3 shows the length of growing season for white ash in North Carolina 
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and Connecticut and the length of growing season for yellow poplar in 
North Carolina and Pennsylvania as plotted from the data of Kienholz and 
Illick. Study of figure 3 shows that, as would be expected, white ash and 
yellow poplar resumed growth nearly a month later at the northern stations 
and also ceased growth several weeks sooner. The time of maximum growth 
was also shifted about a month later at the more northern stations and the 
percentage of the season’s growth made during the first month after the 
resumption of growth was much higher at the northern stations. The data 
for red oak give curves very similar to those for white ash at both stations. 
White ash and red oak grew twice as long in North Carolina as in Connec¬ 
ticut, and yellow poplar grew much longer in North Carolina than in Penn¬ 
sylvania or Connecticut. It seems probable that the 95-day growing period 



Fig. 4. Height growth of red and white pine at Durham, North Carolina, and Keene, 
New Hampshire. The New Hampshire data are from Kienholz (10). 

reported by Illick (7) in Pennsylvania does not include some late summer 
growth as Kienholz (11) indicates that the growing season of yellow poplar 
in Connecticut is 105 to 110 days. Johnston (9) reported that black, white, 
and post oak in the Missouri Ozarks had a growing season of only 19 days 
and made 90 per cent, of their growth in eleven days between April 27 and 
May 7. Those trees which averaged eight years in age and four feet in 
height behaved very differently from the oak in Connecticut and North Caro¬ 
lina. Our three- or four-year-old white oak seedlings grew from late March 
to late July and made about 50 per cent, of their total growth in April. 

Several studies of the length of growing season of conifers have been 
made in various sections of the United States, but the most useful data for 
comparison seem to be those of Kienholz (10), obtained in Southern New 
Hampshire. Figure 4 shows growth curves for red and white pine at Dur- 
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ham, North Carolina, and Keene, New Hampshire. Growth of both species 
started over a month later in New Hampshire and the peak came two months 
later than in North Carolina. The data of Tryon and Finn (20) from 
southern New York and Friesner (6) from southern Indiana indicate be¬ 
havior at those places intermediate between that in North Carolina and in 
New Hampshire. Since the growing season naturally starts later and ends 
sooner at the northern stations than in North Carolina the growing season 
for red pine decreases from 145 days in North Carolina to 110 days in 
southern New Hampshire and the growing season of white pine decreases 
from 120 days in North Carolina to 100 days in New Hampshire. The 70- 
day growing season reported by Illick (7) for white pine in Pennsylvania 
seems abnormally short and probably does not include the small amount of 
growth made during the last month of the growing season. Cook ( 4 ) re¬ 
ported that red pine in Rensselaer County, N. Y., has an average growing 
season of only 53 days, but this also evidently does not include the small 
amount of late growth because Tryon and Finn (20) report a growing sea¬ 
son of over 100 days only a short distance away. Baldwin (1) found that 
white pine resumed growth about the same time at Ithaca, New York, 
Petersham, Massachusetts, and Berlin, New Hampshire, but was somewhat 
later at Cupsuptic Lake, Maine. The length of growing seasons seemed to 
be about the same, approximately 100 days, at all stations, including the one 
in Maine. Friesner (6) reported growth of red and white pine after the 
midsummer cessation of growth as late as October in Indiana. This pos¬ 
sibly was related to an unusually warm and rainy autumn. The only data 
available on the other species of pine are those obtained by Johnston (9) 
in the Missouri Ozarks where shortleaf pine grew from mid-April to early 
September, a total of 140 to 150 days compared to 200 days in North 
Carolina. 

Discussion 

Studies of tree growth under various environmental conditions should 
contribute to our knowledge of the factors determining the length of grow¬ 
ing season and amount of growth made in a season. If we could obtain a 
more complete understanding of the factors determining the length of grow¬ 
ing season and the time of maximum growth we might be able to control 
these factors advantageously in growing trees of better quality more rap¬ 
idly. Two groups of factors interact in determining the amount of growth 
made by any tree. These are: (1), the hereditary potentialities as deter¬ 
mined by its genetic composition; and (2), the complex of environmental 
factors to whic&the tree is exposed. The environment affects the amount 
and quality of growth by affecting the internal processes and conditions such 
as photosynthesis, respiration, accumulation of food, and water balance, 
within the limits of the hereditary potentialities of the individual tree or the 
species. 

Inspection of figures 1 and 2 shows the very large genetic differences be¬ 
tween'species as expressed by differences in amount of growth and length of 
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growing season of seedlings grown in the same environment. Even so dras¬ 
tic a change in environment as resulted from transferring red and white 
pine from New England to North Carolina merely increased the absolute 
lengths of their growing seasons, but did not change the relative lengths 
nor the shapes of their growth curves (fig. 4). White ash and yellow poplar 
have longer growing seasons in North Carolina than in Pennsylvania or 
Connecticut but the essential differences between their growth curves exist 
in both environments. 

These results serve to emphasize that the length of growing season and 
course of shoot growth of trees is relatively independent of normal fluctua¬ 
tions in environmental factors during the growing season. Severe droughts 
or excessively low temperatures may check growth, but the usual variations 
in moisture and temperature have little effect. Cook (4) reported that only 
unusual deficiency in rainfall retarded the growth of conifers and Friesner 
( 6 ) reported that heavy rainfall in June did not cheek the rapid decrease 
in rate of growth of pines which occurred during that month. Reed and 
MacDougal (18) state that periodicity in the growth of the orange tree can¬ 
not be ascribed to environmental factors or depletion of reserve food. Ap¬ 
parently the length of growing season and shape of the growth curve is 
determined more by internal genetic factors than by the environment. It 
is generally agreed that shoot growth is principally made at the expense of 
stored food rather than from the products of current photosynthesis (3, 16). 
Burger (2) concluded that the amount of any one year’s shoot growth is 
largely dependent on the supply of reserve food accumulated the previous 
season, and hence depends on the weather of the previous season more than 
on the weather of the season in which growth is being measured. If this is 
true it helps to explain the relative independence of shoot growth from ex¬ 
ternal conditions during that season. Presumably there must be species 
differences in the amount of food accumulated and the rate at which this is 
digested and translocated in the spring to the growing stem tips. This 
might explain the difference in seasonal distribution of growth existing, for 
example, between white ash and yellow poplar or between the northern and 
southern pines. It seems possible that trees with long growing seasons 
might not only utilize reserve food, but later in the same season they might 
also utilize the products of current photosynthesis in shoot growth as well as 
in cambial activity, thus prolonging their growing season beyond that of 
species which depend chiefly or entirely on reserve food. There appears to 
be no definite relation between length of growing season and amount of shoot 
growth. White ash has a short period of growth and yellow poplar a long 
period, but both make about the same amount of growth. While loblolly 
pine seedlings make considerably more growth than slash and shortleaf pine, 
their growing season is only a few days longer and this could not explain the 
difference in amount of growth. 

Another feature of the growing season of many tree species to which 
attention should be called is the relatively small portion of the frost-free 
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season in which most of the shoot growth occurs. This was emphasized by 
Illick (7) who reported that at Mont Alto, Pennsylvania, 90 per cent, of 
all shoot growth occurs in 40 days, or about 25 per cent, of the frost-free 
season, and most species cease shoot growth in June. Ten species growing 
at Durham, North Carolina, had an average growing season of 160 days, or 
80 per cent, of the frost-free season and made 90 per cent, of their growth in 
100 days, or 50 per cent, of the frost-free period. The five hardwood species 
had an average growing season of 140 days or only 60 per cent, of the frost- 
free season and made over half of the season ’s growth in about 30 per cent, 
of the frost-free season. The average growing season of the species measured 
by Kienholz in Connecticut and New Hampshire was 65 to 70 per cent, of 
the frost-free season; those trees, like the trees in North Carolina, averaged 
90 per cent, of their growth in about 50 per cent, of the frost-free period. 
Apparently very few tree species in eastern North America have a growing 
season equal to the frost-free season, the only such species known to the 
writer being loblolly, slash, and shortleaf pine observed in this study, and 
eastern larch observed by Kieniiolz (11). Even these species ceased growth 
two or three weeks before the average date of the first killing frost. It was 
possible for them to have a growing season equal in length to the frost-free 
season only because they had started growth before the average date of the 
last killing frost in the spring. Not only do most trees cease shoot growth 
several weeks or even months before the first frosts of autumn, but they also 
resume growth in the spring before the danger of frost is over. This is not 
only true in North Carolina but also in Pennsylvania, New England, and 
probably all over the northern hemisphere. Baldwin (1) mentions severe 
frost injury in New England; Day and Peace (5) report that it is common 
in England and it is mentioned by various continental writers (3). 

This puzzling situation constitutes one of the most interesting problems 
in tree physiology. Why should most trees resume shoot growth in the 
spring before the danger of frost is past, then cease growth in midsummer 
or at least weeks before the first killing frost of autumn? Cessation of 
growth in midsummer does not have any obvious survival value to the species, 
but would rather serve to decrease its ability to compete with species having 
longer growing seasons. Of course, if shoot growth continued until the first 
frost the succulent tips might be killed, but there is no reason to suppose 
that occasional injury of this sort would be any more serious than the injury 
caused by spring frosts. The writer has caused yellow poplar, loblolly, and 
slash pine to grow until frost by exposing them to a long photoperiod and 
although some stem tips were killed the growth of the trees the following 
season was not measurably less than that of uninjured trees. 

Well over half a century ago Sachs (19) observed that growth frequently 
ceased while temperature and other conditions favored vegetative activity 
and was resumed under conditions which appeared to be far less favorable. 
He stated that while the dormant period occurred at a definite season and 
therefore appeared to be dependent on temperature and moisture, it really 
in his opinion, depended chiefly on changes occurring within the plant. It 
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is clear that while increasing soil and air temperature^ are important factors 
in determining the time of resumption of growth in the spring, decreasing 
soil and air temperatures certainly do not determine the time of cessation 
of growth, because growth of most species ceases before air and soil tem¬ 
perature begins to decrease. Severe droughts might prematurely stop 
growth, but ordinary fluctuations in rainfall do not, nor can they explain 
why some species cease growth long before others. Klebs (12) in one of the 
earlier discussions of the periodicity of tree growth suggested that tempo¬ 
rary depletion of minerals might cause the cessation of growth by tropical 
trees, but this would scarcely explain the difference in behavior of different 
species in the same habitat. He also suggested that length of day may be 
an important factor in determining the length of the growing season, al¬ 
though he seems to have been thinking in terms of increased photosynthesis 
rather than photoperiod. Jester and Kramer (8) observed that seedlings 
of a number of species of trees, both in the greenhouse and out-of-doors, 
grew much later in the season, when given a photoperiod as long as that of 
midsummer by use of supplementary electric lights, than did controls ex¬ 
posed to the normally decreasing photoperiod of late summer and autumn. 

The species used in the present study were also planted in a nearby plot 
illuminated each evening after the days began to shorten so that they always 
received a photoperiod as long as that of midsummer. Yellow poplar, lob¬ 
lolly pine and slash pine showed definite responses, growing about three 
weeks later under the lights than without them. Yellow poplar continued 
to form new leaves until frost and slash pine showed considerable winter 
killing of stem tips, probably because the new growth did not have time to 
harden before the first frost. There is no doubt that the length of growing 
season of many species can be affected by the photoperiod under experi¬ 
mental conditions, but the growing season of some species is not affected. 
It is probable that photoperiod affects the growing season of some species 
in nature, but there is no clear evidence that it is the only or even the major 
factor controlling the time at which trees cease growth. 

Obviously more information must be collected before we can explain the 
differences in growth habits of trees. While considerable data are available 
on the relation between growth and environmental conditions, more might 
profitably be collected. It would be particularly valuable to have more data 
on the response of seedlings to variations in environmental factors under 
controlled or at least partly controlled conditions of soil and air tempera¬ 
ture, soil moisture, and photoperiod. Much more information concerning 
the physiology of species with long and short growing seasons is also needed, 
with special reference to food accumulation and its subsequent utilization 
in growth. 

Summary 

Eleven species of tree seedlings were grown together in the same plot 
for three years at Durham, North Carolina, and their growth measured at 
intervals through the growing season. 
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Of the five hardwoods, white ash and yellow poplar grew most rapidly, 
making over twice as much growth as red and white oak, and black walnut. 
Loblolly pine grew more rapidly than any other of the six conifers. Short- 
leaf and slash pine made about two-thirds the growth of loblolly, but the 
northern species, red and white pine and balsam fir, made only one-sixth the 
growth made by loblolly pine. 

There were also considerable differences between species with respect to 
length of growing season and time of maximum growth. All species resumed 
growth in late March or early April. White ash, eastern red oak, white oak, 
and black walnut made about 50 per cent, of their growth by May 1 and 
ceased growth in July or early August after growing seasons of 130 to 135 
days. Yellow poplar had no peak month, but grew about the same amount 
every month from April through July and finally ceased growth in Sep¬ 
tember after a growing season of 160 days. 

Loblolly, shortleaf, and slash pine behaved alike, starting growth in late 
March, making 15 to 20 per cent, of their total growth each month from 
April through August, and finally ceasing growth in October. Red and 
white pine, which are characteristic of more northern latitudes and higher 
altitudes, resumed growth very little sooner than the southern species but 
made 65 per cent, of their growth by May first, 90 per cent, by June first, 
and ceased growth in July or August after a growing season of 120 to 145 
days, compared to 200 days or more for the southern species. 

Trees growing in North Carolina uniformly had longer growing seasons 
than the same species in New England, but most of the growth occurred at 
the beginning of the season and the trees did not benefit by the longer grow¬ 
ing season. Red and white pine and balsam fir made less growth and had a 
higher mortality than would have been expected in New England. The 
seasonal course of growth of a species was the same in North Carolina as in 
New England. The shape of the growth curve is apparently determined 
largely by internal factors rather than environmental factors. 

Most tree species for which data are available behave alike, both in New 
England and North Carolina, in that they all resume growth in the spring 
before danger of frost is past but most of them cease growth in mid or late 
summer, long before the first frost of autumn. As a result many species 
use only one-half to three-fourths of the frost-free season. 

While decreasing photoperiod probably checks the growth of some species 
it is not the only factor involved. Much more research will be necessary 
to give us a satisfactory understanding of the complex of factors controlling 
the course of growth and length of the growng season. 

The writer wishes to acknowledge the cooperation of Mr. J. S. Holmes, 
State Forester of North Carolina and Prof. R. P. Prichard of the New York 
State College of Forestry in supplying tree seedlings, and the efficient as¬ 
sistance of Mr. T. H. Wetmore in making the measurements. 

Department of Botany 
Duke University 



KRAMER: GROWTH OF TREE SEEDLINGS 


251 


LITERATURE CITED , 

1. Baldwin, H. I. The period of height growth in some northeastern coni¬ 

fers. Ecology 12 : 665-689. 1931. 

2. Burger, H. Untersuchungen iiber das Hohenwachstum verschiedener 

Holzarten. Mitt, schweiz. Centralanstalt forst. Versuchswesen 14: 
1-158. 1926. 

3. Busgen, M., and Munch, E. The structure and life of forest trees. 

Eng. transl. New York. 1931. 

4. Cook, D. B. Five seasons’ growth of conifers. Ecology 22 : 285-296. 

1941. 

5. Day, W. R., and Peace, T. R. The experimental production and diag¬ 

nosis of frost injury on forest trees. Oxford Forestry Mem. 16. 
1934. 

6. Friesner, R. C. Vertical growth in four species of pines in Indiana. 

Butler Univ. Bot. Stud. 5: 145-159. 1942. 

7. Illick, J. S. When trees grow. Amer. Forestry 25: 1386-1390. 1919. 

8. Jester, J. R., and Kramer, P. J. The effect of length of day on the 

height growth of certain forest tree seedlings. Jour. Forestry 37: 
796-803. 1939. 

9. Johnston, J. P. Height-growth periods of oak and pine reproduction 

in the Missouri Ozarks. Jour. Forestry 39: 67-68. 1941. 

10. Kieniiolz, R. Leader, needle, cambial and root growth of certain coni¬ 

fers and their interrelations. Bot. Gaz. 96: 73-92. 1934. 

11. -. Seasonal course of height growth in some hardwoods 

in Connecticut. Ecology 22 : 249-258. 1941. 

12. Klebs, G. tlber das Treiben der einheimischen Baiime speziell der 

Buch. Reviewed Plant World 18: 19. 1915. Forest Quart. 14: 

83. 1916. 

13 . -.. Uber Wachstum und Ruhe tropischer Baumarten. 

Jahrb. wiss. Bot. 56: 734-792. 1915. 

14. Korstian, C. F. Private communication. 1939. 

15 . -, and Maughan, W. The Duke forest. Duke University 

School of Forestry Bull. 1. 

16. Loomis, W. E. Translocation and growth balance in woody plants. 

Ann. Bot. 49: 247-272. 1935. 

17. Reed, J. F. Root and shoot growth of shortleaf and loblolly pines in 

relation to certain environmental conditions. Duke University 
School of Forestry Bull. 4. 1939. 

18. Reed, H. S., and MacDougal, D. T. Periodicity in the growth of the 

orange tree. Growth 1: 371-373. 1937. 

19. Sachs, J. Lectures on the physiology of plants. Eng. transl. Oxford. 

1887. 

20. Tryon, H. H., and Finn, R. F. Notes on the terminal growth of conif¬ 

erous plantations in the Hudson highlands. Black Rock Forest 
Papers 1:54-56. 1937. 



TRANSPIRATION RATES OF SOME FOREST TREE SPECIES 
DURING THE DORMANT SEASON 


Theodore T. Kozlowski 
(with two figures) 

This paper reports the results of a comparison of the winter transpiA- 
tion rates of several deciduous and evergreen tree species. The species 
were: white oak ( Quercus alba L.), yellow poplar ( Lirwdcndron tulipifera 
L.), sugar maple ( Acer saccharum Marsh.), cherry laurel ( Prunus lauro- 
cerasus L.), eastern white pine ( Pinus strobus L.), and loblolly pine ( Pinus 
taeda L.). 

Methods 

Six individuals of each species, each about three years old, were trans¬ 
planted from clay pots to cylindrical metal buckets of five-quart capacity. 
In transplanting the seedlings the entire core of soil containing the root 
system was transferred intact to reduce disturbance of the roots to a min¬ 
imum. The soil used was a sandy loam with a field capacity of 23.2 per 
cent. After transplanting, the specimens were placed outdoors for a week 
prior to beginning experimental work. To prevent catchment of rain water 
and evaporation from the soil surface the buckets were sealed with two layers 
of oil cloth which sloped from the stems to the rims of the metal buckets at 
an angle of approximately 55 degrees. The oil cloth was heavily coated with 
a sealing compound consisting of paraffin, tallow, beeswax, and rosin. A 
glass tube, closed by a cork stopper, was inserted through each cover to 
permit the addition of water. 

The experiment was performed on a flat roof where there was a minimum 
of shading by nearby trees and buildings. The specimens were arranged in 
six randomized blocks with each block having six plants representing each 
of the six species. The six blocks were located in a bed containing excelsior 
packing to prevent excessive changes in soil temperature as well as unnat¬ 
ural freezing. The blocks were so arranged that, although the afternoon 
shade affected the blocks differently, the plants within each block were 
shaded to the same extent. This arrangement was made to eliminate within- 
block variations due to shading differences. 

The soil in the buckets at the beginning of each experimental period was 
at the previously determined field capacity, and the equivalent of the trans¬ 
pired water was replaced immediately after each experimental period. 
Weather data were obtained with a Friez hygrothermograph. Evaporation 
rates were obtained with standard Livingston atmometers. Total wind 
velocity for each experimental period was obtained with a cumulative 
recording anemometer. The gravimetric method of measuring transpira¬ 
tion was employed using a balance with a sensitivity of one gram. Loss in 
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weight during the experimental period was assumed to represent the weight 
of the water lost in transpiration. 

The leaf areas of the broad-leaved evergreen species (Prunus lauro - 
cerasus) were determined by the photoelectric cell method modified and 
described by Kramer ( 6 ). The stem surface areas of the deciduous species 
were obtained by taking diameter measurements at one inch intervals with 
a jaicrocaliper along the stems and branches to establish the mean diameter. 
* The diameter and total lengths of the stem and branches were readily con¬ 
verted to surface areas. The transpiring surface area (stomate bearing sur¬ 
faces) of loblolly pine and eastern white pine were determined by the method 
described by Kozlowski and Schumacher (5). It was assumed that the 
transpiration rate from non-stomated leaf surfaces was negligible and these 
surfaces were disregarded in the calculations. 


Results and discussion 

Figure 1 indicates weekly losses for the evergreen species in grams of 
water transpired per square decimeter of stomate-bearing leaf surface and 



OCT NOV NOV NOV 24 DEC DEC DEC DEC DEC 29 JAN 

20-2T 3-10 17-24 -DEC I 6-15 15-22 22-29 -JANS oS-12 


FlO. 1. Relationship between total weekly transpiration rates of six species during 
the dormant season and certain atmospheric variables. Data for six individuals of each 
species in Durham, North Carolina, from October, 1940, to January, 1941. Transpiration 
given in grams of water lost per week per square decimeter of transpiring area. Black 
vertical bars represent total rainfall in inches. 

per square decimeter of exposed stem area for the deciduous species. 
Weekly losses for the evergreen species in grams of water transpired per 
gram of oven-dry weight of foliage are presented in table I. Data of figure 
1 agree generally with the findings of Weaver and Mogenson (10) in that 
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they indicate no great differences between the transpiration rates of conifer¬ 
ous and deciduous species during the dormant season on a unit area basis. 
Weaver and Mogenson worked with broad-leaved and coniferous species 
under uniform conditions of soil type and texture, soil temperature, and 
identical aerial environment; they reported that autumn transpiration losses 
from conifers were just as great as, or even greater than, those from broad¬ 
leaved species. They found that winter losses by transpiration from coni¬ 
fers were only 1/55 to 1/251 as great as those in autumn. Increased losses 
of broad-leaved trees in spring occasioned by foliation were reported to be 
in proportion to the leaf areas exposed and were clearly controlled by 
weather conditions; although essentially, they were comparable to losses in 
conifers. They found that winter transpiration rates from conifers were 
little greater than those from defoliated stems of broad-leaved trees. The 
winter rates of these investigators were much lower than those reported 
herein, resulting in smaller seasonal differences than reported in their study. 

Data of table I are in general harmony with findings of Kusano (8) who 
presented quantitative data on transpiration of evergreen species indigenous 
to Japan. He found that in winter non-coniferous evergreen trees trans¬ 
pired an average quantity of at least 0.48 grams per square decimeter of 
leaf surface per day or 16.58 grams per 100 grams of fresh weight in foliage 
trees, while conifers transpired 8.18 grams per day. He also presented data 
which indicated that the time of minimum transpiration agreed with that 
of minimum temperature, which occurred at the end of January. He re¬ 
ported that on the average the amount of water lost in transpiration by 
broad-leaved evergreen trees was one and one-half or two times greater than 
that lost by conifers if the amount were reduced either to the fresh weight 
or to the dry weight of the transpiring part of the plant. It will be noted 
in table I that, during December and January, transpiration rates of cherry 
laurel when reduced to the oven-dry weight of the transpiring part of the 
plant were consistently higher than those of the pines. The amount of 
water lost by cherry laurel varied from 1.26 to 1.87 times as much as that 
of loblolly pine for weekly periods during December and January. During 
the same period, rates of cherry laurel varied from 1.80 to 3.11 times as 
great as those of white pine. During warmer seasons these relations did not 
seem to hold. Rates of both white pine and loblolly pine were somewhat 
higher than those of cherry laurel in late October on a dry weight of foliage 
basis. With lowering of average temperature, rates of cherry laurel were 
proportionally increased over those of the pines until the differences reported 
were recorded (table I). 

Using transpiring surface area as a basis, the absolute rates of cherry 
laurel were consistently higher than those reported by Kusano for broad¬ 
leaved evergreens. The average daily loss for cherry laurel was from 1.00 
gram to 2.16 grams of water per square decimeter of leaf surface or the 
minimal loss was approximately twice that reported by Kusano. 

An analysis of variance as described by Fisher ( 4 ) was made for dor- 
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mant season rates on the basis of transpiring surface area from data for the 
six week period of November 24, 1940, to January 5, 1941; it was not until 
the former date that the deciduous species were completely defoliated. The 
analysis indicates that when all species are considered, highly significant 
effects on transpiration rates were due to species, time, and the interaction 
of time and species. The differences due to species are primarily due to the 
rates of cherry laurel which were higher than those of any other species 
when put on a leaf-area basis. The treatment or species sum of squares 
from the analysis was further broken up into five independent comparisons 
among the six species. A comparison between the evergreen species, in¬ 
cluding two pines and one broad-leaved species, against the deciduous spe¬ 
cies indicates significance at the one per cent, level. The indication is that 

TABLE I 

Transpiration op evergreen species in grams per gram of oven-dry weight op leaves 
POE SEVEN-DAY PERIODS. DATA OP OCT. 20, 1940, TO JAN. 12, 1941. 

Average values por six plants of each species 



Loblolly pine 

White pine 

Cherry laurel 


gm. 

gm. 

gm . 

Oct. 20 to 27 

24.382 

26.369 

18.782 

Nov. 3 to 10 

23.983 

23.520 

23.497 

Nov. 17 to 24 

24.793 

23.614 

20.548 

Nov. 24 to Dec. 1 

10.348 

7.324 

7.363 

Dec. 1 to 8 

6.552 

5.432 

6.070 

Dec. 8 to 15 

9.643 

7.312 

13.136 

Dec. 15 to 22 

7.716 

4.053 

9.019 

Dec. 22 to 29 

5.523 

3.440 

8.029 

Dec. 29 to Jan. 5 

6.588 

3.969 

12.352 

Jan. 5 to 12 

3.846 

1.783 



the observed differences would be due to chance not more than one time 
in one hundred. The magnitude of the real difference in rates between the 
pines and the cherry laurel against the deciduous species is indicated by a 
derived variance ratio of 46.68 whereas a ratio of only 7.77 would indicate 
significance at the one per cent, level for the degrees of freedom involved. 
The great difference between rates of the two pines and those of cherry 
laurel is indicated by a variance ratio of 56.21 for this independent com¬ 
parison. The remaining independent comparisons were of white oak against 
yellow poplar, white oak against yellow poplar and maple, and yellow poplar 
against maple. These three comparisons were not statistically significant. 

Soil temperature effects 

The low winter transpiration rate of the conifers is partly caused by 
atmospheric factors reducing transpiration and partly by low soil tempera¬ 
ture decreasing absorption. The importance of low soil temperature in 
decreasing transpiration was determined by growing plants in the green¬ 
house where the soil could be cooled while the air surrounding the tops was 
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maintained at normal greenhouse temperatures. A temperature control ap¬ 
paratus, consisting of four metal tanks, each equipped with a thermoregu¬ 
lator, heating coils, and a refrigerating unit was used. With this equip¬ 
ment the water in each tank could be maintained at any constant tempera¬ 
ture from 0° to 40° C. 

Seedlings were sealed in buckets, as in the experiments described above, 
and were randomized into four groups of 6 plants each. Three of the 6 
plants in each group were loblolly pines and three were eastern white pines. 
Each water bath was adjusted to a constant temperature of 30° C. One 
group of buckets consisting of three white pines and three loblolly pines was 
placed in each tank so that each bucket was immersed. The position of the 
bucket within the tank was selected at random. The plants were kept in the 
water bath at 30° C. for three days in order to overcome the effects of the 
previous soil temperature. At the end of this preliminary three-day treat¬ 
ment each bucket was weighed and the moisture content of the soil within it 
brought back to the field capacity. Each plant was replaced in the position 
it had occupied within the tank and transpirational losses for a 90-hour 
period were determined gravimetrically. One tank was then maintained 
at 30° C. while the other three were adjusted to 0°, 5°, and 17° C. Three- 
day preliminary runs were made to overcome effects of previous soil tem¬ 
peratures before losses for 90-hour periods at the 4 temperatures were 
determined. After rerandomizing buckets between and within tanks, the 
entire second run was repeated. This yielded results essentially similar to 
those of the first run. 

The transpiration rates of white pine and loblolly pine under the effects 
of varying soil temperatures are expressed as percentages of the rate at 
30° C. in figure 2. Since one tank was maintained at 30° C. for both runs, 
it was assumed that, if atmospheric conditions were similar during both 
runs, transpiration rates of both runs would be of similar order, or the ratio 
in percentage would be 100. Since atmospheric conditions were not identi¬ 
cal in successive runs some departure from the 100 per cent, ratio was 
recorded and a correction was necessarily applied to the rates of the plants 
in soils maintained at the lower temperatures. 

In figure 2 it will be noted that for both species the maximum transpira¬ 
tion rate occurred at the highest control temperature, 30° C., and that a 
reduction in soil temperature reduced the rate of transpiration of both 
species. It is of interest to note the varying trends of the transpiration 
curves for these two species. For eastern white pine the average rate in a 
soil at 1° C. was approximately 21 per cent, of that of the control group; 
at 5° C. it was approximately 70 per cent, of that of the control group; 
and at 17° C. it was approximately 76 per cent, of that of the control group. 
For loblolly pine, however, the average rate at 1° C. was approximately 23 
per cent, of that of the control group; at 5° C. it was approximately 51 per 
cent, of that of the control group; and at 17° C. it was approximately 74 
per cent, of that of the contJgf group. The results obtained are quite similar 
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to those of Clements and Martin (2) who investigated effects of soil tem¬ 
perature on the transpiration rate of Helianthus annuus, although they 
found a lesser reduction in transpiration from 30° to 15° C. They reported 



SOIL TEMPERATURE 

Fig. 2. Effects of soil temperature on transpiration rates of eastern white pine and 
loblolly pine. Observations for eastern white pine recorded as circles. Temperature in 
degrees Centigrade. 

only a slight decrease in this range, but a very rapid decrease below 13° C., 
the reduction being one-half at 3° C. Plants began to wilt at about 4.5° C. 
and were completely wilted at 1° C. Warming the soil caused rapid recov¬ 
ery. Arndt (1) reported that cotton in solution cultures wilted when their 
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temperature had been lowered to between 10° and 18° 0.; in soil cultures, 
with ample water supply, the highest soil temperature at which wilting 
occurred was generally somewhat higher, between 17° and 20° C. During 
(3) used potometers and plants with roots submerged in water in studying 
effects of temperatures in the range of 20° to 0° C. on transpiration. He 
reported that decreases in transpiration rate due to lowered soil tempera¬ 
tures varied with species; the rate in some being decreased 70 to 80 per cent, 
while in other species it was not decreased at all. Michaelis (9) has sug¬ 
gested that high rates of transpiration when the soil is frozen and absorption 
is too slow to replace water loss may be an important factor in determining 
timber line in mountainous country. 

Effects of low soil temperatures on water absorption and transpiration 
are operative in several ways which probably are interacting. Kramer (7) 
cites several papers in summing up the following effects of low temperature 
on plant reactions: A decreased temperature decreases the rate of move¬ 
ment of water from the soil to the absorbing root surfaces. Low tempera¬ 
tures exert an effect in retarding root elongation. Since the continual 
extension of root tips into contact with the water films surrounding hitherto 
untouched soil particles is important in making soil moisture available a 
decrease or cessation of root elongation probably decreases the rate of 
absorption. This would be most important in soils with a moisture content 
below the field capacity, a condition which commonly exists in the field. 
Cell permeability is decreased as temperature is lowered while the viscosity 
of protoplasm and of colloidal gels in the cell walls is much higher at lower 
temperatures. The viscosity of water increases as temperature decreases 
and is twice as high at 0° as at 25° C. This results in a decreased rate of 
movement from soil to roots and through the root cells. Physiological activ¬ 
ity, notably respiration rate, is markedly decreased by low temperatures. 

Although absorption may be seriously affected by changes in the viscosity 
of the water itself, figure 2 indicates that colloidal properties of the proto¬ 
plasm are also important in controlling absorption. The shape of the curve 
for loblolly pine more closely approaches that for the reciprocal of the vis¬ 
cosity of water than does the shape of the curve for eastern white pine. This 
suggests that low soil temperatures may cause a greater decrease in the per¬ 
meability of the roots of loblolly pine to water than of those of eastern white 
pine. At low soil temperatures above freezing the greater reduction of 
absorption due to inherent protoplasmic qualities of loblolly pine might 
partly explain its inability to survive in colder regions. 

Summary 

An investigation was made of the absolute transpiration rates of loblolly 
pine, eastern white pine, cherry laurel, white oak, yellow poplar, and sugar 
maple during the dormant season of 1940-1941 in Durham, North Carolina. 
Absolute rates are reported for the 6 species in grams of water transpired 
per square decimeter of transpiring surface and also for the evergreen 
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species in grams of water transpired per gram of oven-dry weight of foliage. 
The effects of soil temperature on transpiration rates of loblolly pine and 
eastern white pine were studied. 

The results agree generally with those of Weaver and Mogenson (10) 
in that no great difference was observed in foliar transpiration of conifers 
and stem transpiration of deciduous species on a unit area basis. Smaller 
differences between autumn and winter rates were found than those reported 
by these investigators. This was probably because their winter tempera¬ 
tures were much lower than those in the present experiments. 

The October-November average rate for loblolly pine and cherry laurel 
was more than twice the average maximum for December and January; for 
white pine the Oetober-November average rate was more than three times 
the December-January maximum. 

Independent comparisons of the evergreen versus deciduous species and 
of pines versus cherry laurel indicated highly significant differences on a 
unit area basis. During December and January the weekly transpiration 
rates of cherry laurel were approximately from 2 to 4 times as great as those 
of either of the pines. Comparisons of rates of loblolly pine versus eastern 
white pine, white oak versus yellow poplar and sugar maple, and yellow 
poplar versus sugar maple indicated no real statistical differences in transpi¬ 
ration of these species during the dormant season. 

A decrease in soil temperature was found to decrease the transpiration 
rates of loblolly pine and eastern white pine. This is in general agreement 
with results obtained by other investigations with herbaceous materials. 
Transpiration of loblolly pine was reduced more than that of eastern white 
pine over the temperature range between 17° and 0° C. The difference in 
behavior of the two species is probably caused by differences in inherent 
protoplasmic qualities. The greater reduction in absorption by loblolly 
pine in cold soil might be a factor in its inability to survive in colder regions. 

The writer is indebted to Dr. Paul J. Kramer for kindly counsel through¬ 
out this investigation and for critical review of the manuscript. Indebted¬ 
ness is also acknowledged to Professor F. X. Schumacher for advice on 
experimental design and data analysis. 

School of Forestry 
Duke University 

Durham, North Carolina 
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A NOTE ON THE GROWTH BEHAVIOR OF COTTON BOLLS 1 
Donald B. Anderson and Thomas Kerr 
(with seven figures) 

The wall of every cotton fiber is made up of two component parts: (a) 
the primary wall and (b) the secondary wall (1). The primary wall, an 
extremely thin layer deposited by the elongating epidermal cell, is formed 
during a period of about sixteen days following the opening of the cotton 
flower. During this period the fiber reaches its full length, but the wall re¬ 
mains extremely thin and delicate. About the time that the fiber ceases to 
elongate the second phase of its development, that of wall thickening, begins. 
Wall thickening occurs continuously and simultaneously over the entire 
inner surface of the fiber for the succeeding twenty or more days. The wall 
deposited during this second phase of development is the secondary wall of 
the fiber cell. It is this secondary wall that is responsible for the tensile 
strength of the cotton fiber. 

The tensile strength of cotton fiber is influenced by many factors, both 
environmental and genetic. In the course of an investigation of these fac¬ 
tors, it was noticed that the tensile strength of the fibers appeared to in¬ 
crease whenever the plants were subjected to a deficiency of water during 
the period of secondary wall formation. This observation suggested that 
measurements of water stress within the plant at the time of secondary wall 
deposition might serve as an index to the tensile strength of the mature fiber. 
Efforts were made therefore to obtain some record of the variations in water 
stress within the plant during the period of fiber growth. 

The most obvious indication of the severity of water stress in plant cells 
is the magnitude of cell turgor. Variations in the turgor of the cells com¬ 
posing the young seeds and bolls should be reflected by corresponding 
changes in the volume and in the diffusion pressure deficits of the cells of 
these organs. Measurements of these quantities were undertaken and this 
paper is a report of the results of studies of the changes in the volume of 
growing cotton bolls during the summers of 1940, ’41, and *42. 

Methods 

Continuous records of the diurnal and seasonal changes in the diameters 
of cotton bolls were obtained with auxometers designed for this purpose. A 
young cotton boll was pressed lightly against a vertical glass plate by a 
movable lever arm in such a way that any change in the diameter of the 
boll would induce a movement of the lever arm. The slight movements of 
the lever arm were multiplied by a series of levers so that any changes in 

1 Cooperative investigations between the Division of Cotton and other Fiber Crops, 
Bureau of Plant Industry and the North Carolina Agricultural Experiment Station. Ap¬ 
proved for publication as Paper no. 151 of the Journal Series of the North Carolina Agri¬ 
cultural Experiment Station. 
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Pig. 1. The auxometer. A detached boll has been placed between the lever arm and 
the glass plate—(right end of the apparatus)—to illustrate the position that the boll 
occupies when the machine is in operation. 

boll diameter were increased about 40 times at the point where they were 
recorded, in ink, upon a rotating drum. The apparatus (fig. 1) was con¬ 
structed largely of wood with a pen arm of glass tubing supported upon 
bronze knife-edge bearings by a short brass axle. The wood was protected 
from expansion or contraction resulting from the absorption or loss of water 
by means of aluminum foil. Each piece of wood in the instrument was 
covered, before assembly, with five layers of aluminum foil cemented to¬ 
gether with white lead and linseed oil (5). This method of protecting the 



Fig. 2.’ The auxometer mounted in the field. The rotating drum is covered with a 
metftl housing with a glass window to permit observation. The boll is shaded from the 
direct sunlight by means of a small square of plywood which is visible at the right. 
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wood was entirely successful so that in a test run, with a quartz pebble 
substituted for a cotton boll, a straight line was recorded on the drum during 
a very warm day followed by a severe thunder storm. The rotating drums 
used were those manufactured by Julien P. Priez and Sons for their re¬ 
cording thermometers. The pen recording mechanism was similar to that 
employed on the Friez instrument just mentioned. Records were obtained 
every day upon thermograph charts, the change of charts being made about 
sunset in 1940-1941, and at 8: 30 a.m. (war time) in 1942. 

The auxometer was mounted upon a 3-ft. length of a 2" x 6" plank which 
in turn was supported upon stakes driven solidly into the ground (fig. 2). 
The branch bearing the boll was tied firmly in place with raffia, and the main 
stem of the plant was likewise securely fastened with raffia to a substantial 
stake. The bolls were held in place so firmly that the position of the boll in 
the instrument was not altered by winds prevalent during the summer. 

Since it was important for our purpose to determine the diurnal and 
seasonal variations in the diameter of bolls growing under field conditions, 
the instruments were mounted in fields of the North Carolina Agricultural 
Experiment Station Farm at Raleigh. Five auxometers were operated si¬ 
multaneously in a single experimental plot so that records were obtained of 
the growth behavior of bolls of different ages under the same environmental 
conditions. Although measurements of diameter changes in bolls of several 
strains of upland cotton (Rowden, Half and Half, Coker 100, Cook, and 
D & P L) were obtained during the three summers’ work no significant dif¬ 
ferences in behavior were observed in any of the varieties studied. 

It is recognized that changes in the diameter of a globose fruit like the 
cotton boll do not represent very adequately the actual magnitude of the 
variations in volume since the relation of the volume of a sphere to the 
radius is expressed by the formula 4/3 rr R\ The total volume changes in 
the boll are, of course, much greater than those indicated by the growth 
curves presented in this paper. The records of the diameter changes as 
recorded by the auxometer do indicate, however, the general pattern of 
growth behavior very well, and it has seemed better for various reasons to use 
the auxometer records directly rather than to convert these into volume 
changes. All of the growth curves presented in this paper are, therefore, 
variations in the diameter of the bolls as recorded automatically by the 
instrument. 

Results 

It soon became apparent that the response of 3 T oung, enlarging bolls to 
the internal water stress of the parent plant was entirely unlike that of full- 
sized bolls. So long as the boll was growing in size, i.e., during the period 
of primary wall formation in the fiber cells, the increase in diameter was 
continuous during both the day and the night. Enlargement during the day 
exceeded that which occurred during the night, indicating that the higher 
temperatures of the day had a greater influence upon growth than the more 
favorable water relations existing during the night. This rapid enlargement 
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of the young bolls (7 to 12 days old) during the day continued to occur 
during periods of severe drought when the leaves of the cotton plants were 
usually wilted by 10 a.m. and even when the leaf blades were hanging limply 
from the petioles in the afternoon (fig. 3). As the bolls approached full 
size (13 to 15 days), however, the rate of enlargement was noticeably 
checked by severe wilting of the parent plant and sometimes slight shrinkage 
of the bolls occurred. 



Fig. 3. Diurnal variations in the diameter of a young cotton boll during a 24-hour 
period in August (solid line). Temperature variations are shown by the broken line. The 
parent plant exhibited marked wilting before noon but the water stress within the plant 
failed to check enlargement. 

As soon as the bolls reached their full size, i.e., as soon as the secondary 
walls began to form in the fibers, the pattern of diurnal variations in diam¬ 
eter was completely altered. The bolls decreased in size during the warm 
part of the day when wilting of the parent plant occurred and regained 
their full size during the night (fig. 4). When soil moisture was near field 



Fig. 4. Diurnal variations in the diameter of a full-sized boll during a warm day 
and night in July (solid line). Temperature variations are shown with the broken line. 
Shrinkage begins in the morning about the time that wilting is visible in the leaves. 

capacity some shrinkage in size of the bolls occurred before the first evidence 
of wilting became visible in the leaves. As soil moisture decreased, shrinkage 
increased in amount during the day and recovery was slower during the 
night. Under these conditions shrinkage did not occur in the bolls until 
after the leaves were visibly wilted. The amount of shrinkage was in general 
directly proportional to the degree of the wilting visible in the leaves. 
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Fio. 5. Variations in the diameter of a full-sized boll during a period of severe 
drought. The plant was approaching permanent wilting on Aug. 4. 

In the summer of 1942, drought was so severe that the cotton plants 
closely approached permanent wilting. Under such severe water stress, the 
full sized bolls continued to show shrinkage during the day but the decrease 
in diameter did not begin until early in the afternoon although the leaves 
were severely wilted by 10 a.m. They did not recover completely at night 
so that the bolls became smaller day after day (fig. 5). When permanent 
wilting occurred there was practically no recovery of bolls during the night. 

In figure 6 the growth behavior of a full sized boll is shown in the six 



Fig. 6. Variations in the diameter of a full-sized boll as it recovered from severe 
drought. 
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days immediately following the period of permanent wilting. During this 
six-day interval the air temperatures were relatively low, rains were frequent 
and the sky was overcast most of the time. The boll increased in size con¬ 
tinuously but not uniformly until the plant attained its maximum turgor by 
which time the boll exhibited no further increase in diameter. A similar 
pattern of growth behavior was shown by the boll in each of the five 
auxometers. When the plants are turgid an hour or two of sunshine in the 
middle of the day is sufficient to induce some shrinkage in the full sized bolls. 
This behavior stands in marked contrast to the severe wilting that is neces¬ 
sary to induce shrinkage when soil moisture is seriously deficient. 

Figure 7 represents a continuous record of the growth of a single cotton 
boll for a period starting 11 days after the opening of the flower and ending 
16 days later. The marked contrast between the diurnal variations in volume 



Fig. 7. Variations in the diameters of two cotton bolls starting 11 days after flow' 
ering and ending 16 days later. When young, the bolls do not shrink during the warm 
part of the day but as soon as they attain full size a marked shrinkage occurs in the 
middle of the day. Rain prevented shrinkage on July 29. 

of the boll during its enlargement phase and those that occur after the 
cells have attained their mature dimensions is strikingly apparent. During 
enlargement the higher temperatures of midday increased the rate of growth 
but as soon as the cells reached their maximum size the higher temperatures 
of midday resulted in conspicuous shrinkage. 

Severe drought decreases the daily increments of growth without chang¬ 
ing its general pattern. Young bolls continue to enlarge more rapidly dur¬ 
ing the day, even though the plants are severely wilted, than at night when 
moisture conditions atfe more favorable. The total amount of each day’s 
increase in size is less, however, than that which occurs in bolls that undergo 
their enlargement when the water supply is more adequate. The duration 
of the period of enlargement is also less in very dry weather (15 days) than 
when water is nftf*a limiting factor (16 to 18 days). The effect of dry 
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weather in decreasing both the daily increments 6i growth and the period 
during which increase in size occurs, is to reduce the size of the mature 
bolls. Mature bolls which underwent the enlargement phase of their growth 
during the exceptionally dry weather of late July, 1942, were only about 
half the size of bolls formed in the same plants earlier and later in the 
season when the plants were not subject to severe wilting. 

Boll enlargement and fiber elongation are parallel processes that termi¬ 
nate at about the same time. Shortening the period of boll enlargement 
should, therefore, shorten the cotton fibers. Sturkie (11) has shown pre¬ 
viously that fibers developed during periods of water stress are distinctly 
shorter than fibers formed when the period of enlargement has not been 
curtailed by deficient water. Insofar as the effect of soil water upon fruit 
size is concerned, cotton seems similar in its response to lemons (2), apples 
(10), peaches (6), pears (4) and many other fruits. 

Discussion 

Shrinkage in the size of vegetative and reproductive organs is a very 
common result of deficient water. Often as in the case of the full sized 
cotton bolls discussed in this paper the shrinkage is merely a temporary 
consequence of rapid transpiration, low water absorption or both. The 
diurnal variations in the diameter of lemon fruits reported by Bartholo¬ 
mew (2) and those found by MaoDougal (8, 9) to occur in various fruits 
and even in good sized tree trunks seem essentially similar to the variations 
here reported for full sized cotton bolls. The shrinkage observed in full 
sized cotton bolls at the time of wilting of the parent plant is undoubtedly 
the result of a movement of water out of the boll to the leaves and other 
organs where the diffusion pressure deficits of the cells exceed those of the 
boll. Such an internal redistribution of water is a very common phenome¬ 
non in plants and is thoroughly familiar to all plant physiologists. 

The continued enlargement of the young bolls during periods in which 
the parent plant exhibited severe wilting was not anticipated and seems 
contrary to the general experience of plant physiologists. It has long been 
recognized that the exposure of plants to full sunlight inhibited elongation 
and the fact has commonly been ascribed to a reduction in the turgor of 
the cells in the region of enlargement [Loomis, (7)]. In cotton, however, 
water apparently continues to enter the young bolls when it is being lost 
by full sized bolls, leaves and other vegetative organs. MaoDougal (8) 
has reported that young growing cells of sunflower stems continued to in¬ 
crease in size when cells in mature regions were shrinking as a result of 
deficient water. This fact, as MaoDougal points out, makes it necessary to 
consider carefully the cellular organization of any tissue before attempting 
to evaluate the effect of deficient water upon tissue enlargement- The 
shrinkage of a stem at midday does not necessarily indicate a stoppage of 
cell enlargement. Young cells in the stem may continue their enlargement 
but the increase in size may be completely masked by the decrease in size 
of the mature cells. The number of mature cells so greatly exceeds the 
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number of enlarging cells that the net results of deficient water will be a 
decrease in size even though enlargement of young cells continues uninter¬ 
ruptedly. In cotton bolls between the date of flowering and about 16 days 
later, the cells of the carpel wall and of the immature seeds continue to 
enlarge and hence to receive water at the expense of more mature cells. As 
,soon as the bolls reach an age of 16 days the cells have reached their 
mature dimensions and no longer seem able to maintain their turgor when 
the plant is subjected to stress conditions. 

The explanation of the high water absorbing capacity of the enlarging 
bolls cannot be considered in detail in this report but it does not seem to 
be the result of any simple osmotic mechanism. The cells of immature 
cotton seeds and carpel wall do not appear to have higher diffusion pressure 
deficits than the more mature cells of bolls that have completed their en¬ 
largement. The osmotic pressures and diffusion pressure deficits of en¬ 
larging and full sized cotton bolls will be discussed in a subsequent paper. 

The importance that the high water absorbing capacity of enlarging 
bolls may have in affecting the water relations of the plant were strikingly 
revealed during the extremely dry weather of late July and early August 
1942. Cotton plants of the same variety, but differing in age by about two 
weeks, were growing in adjacent rows in the field. The older plants had 
relatively few enlarging bolls while most of the bolls on the younger plants 
were in the enlargement phase of growth. The leaves of the younger plants 
wilted earlier than those of the older plants and by midday the greater sever¬ 
ity of the wilting of the younger plants was conspicuous. In the older plants 
the bolls served as reservoirs from which water moved into the wilting 
leaves but in the younger plants the enlarging bolls continued to extract 
water from the vegetative tissues thus accentuating the low turgor pro¬ 
duced by the high transpiration rate. 

Summary 

1. Continuous records of the diurnal and seasonal variations in the 
diameters of cotton bolls of different varieties have been recorded during 
the summers of 1940, 1941, and 1942. 

^ 2. The enlargement of young bolls is not inhibited by severe wilting of 
the parent plant. 

/3. Full sized bolls shrink in size when the parent plants are visibly 
wilted and regain their size during the night if low soil moisture is not a 
limiting factor. 

4. The degree of shrinkage of full sized bolls is, in general, proportional 
to the severity of wilting of the parent plant. 

5. Durii% periods of severe drought shrinkage occurs later in the day 
and recovery during the night is only partial or even entirely absent. 

Bureau or Plant Industry, 

The U. S. Department or Agriculture 
and 

The North Carolina Agricultural Experiment Station 
Raleigh, North Carolina 
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POLLEN GERMINATION AND POLLEN TUBE GROWTH, AS 
INFLUENCED BY PURE GROWTH SUBSTANCES 1 

Fredrick T. Addicott 

Investigators studying the germination of pollen and growth of pollen 
tubes have, in the past, of necessity concerned themselves with restricted 
aspects of the problem. Most of the reports now in the literature deal with 
pollen germination as it has affected some aspect of cytology, genetics, or 
plant breeding. As a result, our knowledge of the physiology of pollen tube 
growth is far from complete; the need for a thorough understanding of the 
subject, however, is readily recognized. Recently a few reports of work 
with certain growth promoting substances on pollen germination have ap¬ 
peared (1, 3, 6). This paper extends previous work, and presents the re¬ 
sults of experiments on germination of pollen and the growth of pollen 
tubes in response to 33 pure growth substances and several impure prepara¬ 
tions. \To the investigator’s knowledge this work is the first in which any 
of the substances have been tested in the presence of optimum concentra¬ 
tions of boron, now known to be essential to the germination of the pollen 
of many species. 

The germination of pollen and growth of the pollen tube are complex 
phenomena involving several morphological and physiological processes. 
[ Morphologically there is in germination a swelling of the pollen grain fol¬ 
lowed by protrusion of the tube. The tube nucleus usually remains in the 
cytoplasm near the tip of the tube. The generative cell may enter the tube 
from a few minutes to many hours after the appearance of the tube, depend¬ 
ing on the species. Its division into two sperm nuclei usually takes place 
after entrance into the tube. In vivo the tube grows from the stigma to the 
vicinity of a female gametophyte and bursts, liberating its three nuclei. 
The distance it grows maf be from a few millimeters to nearly one hundred. 
In vitro germination may approximate that on the stigma, but it is doubtful 
if normal tube growth has yet been obtained. / Tubes often show various 
a bnormalities . They may be short, granular, vesicular, thin, bifurcated, 
>r various combinations of these- 

Physiologically, the pollen tube requires several types qf nutrients? 
(a) it requires water; (b) it requires inorganic salts; (c) it requires a 
source of energy (usually supplied as sugar); (d) it requires a complement 
of growth factors of hormonal or vitamin nature. Pollen may, however, 
supply many of these requirements from its own reserves. There is appar¬ 
ently considerable variation between species in this regard. Some pollen 
can germinate in distilled water (1). Other types, such as the pollen of 
Milla and Tropaeolum used in this investigation, apparently require nutri¬ 
ents irom all four of the above categories. 

i Report of an investigation earned out with the assistance of a Grant-in-Aid from 
the Society of Sigma Xi. 
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Materials and methods 

The pollen of two species was selected for the experiments: Milla 
biflora, a monocotyledon; and Tropaeolum majus, variety Golden Gleam, 
a dicotyledon. These were chosen because they represented the two prin¬ 
cipal groups of flowering plants, and their flowers could be obtained 
throughout' the period available for experimentation. 

A number of methods were tested for growing pollen tubes in vitro . 
Those involving agar or gelatin did not permit as ready observation during 
the period of growth as did the hanging drop method. The method involv¬ 
ing hanging drops on the under side of the cover of a Petri dish was 
finally selected. Eight drops of the medium to be tested were placed on 
the cover and about 1 ml. of distilled water in the bottom of the dish, to 
maintain a saturated atmosphere. The drops had an average volume of 


TABLE I 

Effect of the components of the basic medium on germination and growth 

OF THE POLLEN TUBE IN MlLLA 


Medium 

Percent¬ 

age 

GERMI¬ 

NATION* 

Pollen 

tube 

length* 

Distilled H,0 . 

% 

3 

% 

42 

Distilled H 2 0 + 0.01% H a BO :t . 

0 

0 

Distilled II 2 0 + 12% glucose . 

Hoagland and Arnon ’s sol ’n (less boron). 

3 

42 

0 

0 

44 41 44 44 +0.01% H s BO,. 

8 

42 

4 4 4 4 ' 4 4 4 4 + 12% glucose . 

45 

*47 

4 4 4 4 4 4 4 4 + 0.01% H 8 B0 3 +12% glucose . .. 

100' 

100* 


* These values are expressed in terms of the controls taken as 100 per cent. In this 
series the actual value of the controls were: germination 62 per cent., tube length 2.3 
diameters of the pollen grain. Each value is based on 60 to 120 pollen grains. 


0.005 ml. which was obtained through the use of a fine pipette. Pollen 
from Milla was placed in four of the drops And pollen from Tropaeolum in 
the other four. 

From 15 to 30 pollen grains were placed in each drop. In the case of 
Milla, pollen was taken from flowers which had opened within the past 12 
hours. In the case of Tropaeolum, whose anthers open much later than the 
petals, pollen was taken from anthers which had Opened in the past 12 
hours. It was found that the viability of the pollen decreased with age. 
The size of. the drop and the amount of inoculum were kept as constant as 
possible. It was noted that pollen tube growth was greatly increased When 
the number of grains was high in proportion to the amount of medium 
present. Since this phenomenon was presumably due to a diffusible chem¬ 
ical, the inoculum was kept low so that the chemical would be detected if 
it were among those added to the medium. 

The basic medium contained water double distilled from Pyrex glass, 
Hoagland and Arnon’s solution I (supplying all the known inorganic 
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nutrients of plants) in which the boric acid content had been raised to 0.01 
per cent. (5), and 12 per cent, glucose. The latter two concentrations were 
found to be optimum for both Milla and Tropaeolum. To this basic medium 
were added various pure growth, factors and impure preparations in at 
least five different concentrations. The boric acid requirement is in ac¬ 
cordance with the findings of Smucker (7), Cooper (S), and Webb (un¬ 
published data). Five or more concentrations of glucose, sucrose, fructose, 
and glycerol were tested as sources of carbohydrate. Optimum germina¬ 
tion and tube growth were obtained with 12 per cent, glucose in both species. 

In recording results the percentage of germination and the length of 
the tubes were taken two hours after inoculation. Growth always ceased 


TABLE II 

Effects of various impure preparations on germination and growth of the 

POLLEN TUBE IN TROPAEOLUM AND MlLLA 




Percentage 

Pollen tube 

Preparation added 

Concentration 

germination* 

LENGTn* 

to basic medium 

Tropae- 

Milla | 

Tropae- 

Milla 

1 


OLUM 


OLU M 




7r 

* 

% 


Pollen 

To cover the surface of 






the drops 

133 

141 

156 

181 

Intact stigma 

For Milla $ stigma per 






drop was used 

91 

102 

270 

112 

Minced stigma 


91 

92 

65 

79 

Minced style 


95 

34 

43 

74 

Stigma exudate of Milla 

About 10% 

131 

104 ! 

186 

163 

Stigma exudate of Milla 

100% 


120 


850 

Beef extract (Difco) 

1 mg. per liter 

97 

95 

73 

89 

Peptone (Difco) 

1 mg. per liter 

96 

94 

167 

99 

Spanish saffron 

80 mg. extracted with a 






liter of basic medium 

149 

140 

183 

115 


* These values are expressed in terms of the corresponding controls which were taken 
as 100 per eent. in each case. Each value is based on 00 to 120 pollen grains. 


before this time had elapsed. As no constant temperature apparatus was 
available the cultures were kept at room temperature. This was always 
close to 25° C. and never at any time during the experimental periods did 
the temperature vary more than 2° from 25° C. The length of the tubes 
was measured in terms of pollen grain diameters. This was a convenient 
unit which was quite uniform. The pollen grains of Milla have more than 
twice the diameter of those of Tropaeolum. The figures in the tables are 
based on averages from each experiment employing from 50 to over 100 
pollen grains. The data in the tables have been expressed in terms of per¬ 
centages of the amount of germination or growth in the 4 ‘control” of each 
experiment The “control,” or basic medium, consisted of the salt solution 
and sugar mentioned above. 

Observations 

" The effects of various factors in the basic medium are shown in table I. 
*The value of glucose and a high concentration of boric acid is apparent. 
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Table II shows the effects of impure preparations and extracts when 
added to the basic medium. The observations of Vasil’ev (8), Gotoh (4) 
and others that the stigma and its exudate are active in promoting the 
growth of the pollen tube are demonstrated. That this growth, however, 
is not due entirely to the boron content of the stigma is apparent from the 

TABLE III 

Effects of pure growth factors on germination and tube growth of 
Tropaeolum pollen 

Growth substance concentration 
Milligrams per liter 


Growtii substance 

100 

] 

L0 , 

1 

.0 

0.1 

0.01 


Germi¬ 

nation 

Tube 

length 

Germi¬ 

nation 

X 

a © 

* X 

S' w 

E* j 

Germi¬ 

nation 

Tube 

LENGTH 

Germi¬ 

nation 

Tube 

length 

Germi¬ 

nation 

Tube 

length 


% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

' Thiamin *. 

95 

! 66 

90 

244* 

90 

104 

112 

111 

93 

85 

Niacin 

53 

45 

80 

90 

94 

104 

T7 

110 

81 

110 

Niacinamide 

80 

114 

96 

164 

79 

126 

89 

95 

93 

74 

Riboflavin 

98 

145 

94 

100 

90 

76 

98 

91 

95 

112 

Para aminobenzoic acid 

48 

33 

94 

96 

84 

84 

94 

84 

97 

100 

Inositol 

95 

79 

99 

84 

93 

91 

95 

70 

108 

164 

Pvridoxin 

97 

80 

99 

68 

94 

77 

54 

74 

77 

77 

Ascorbic acid < ♦ ,,, 

>103 

41 

92 

115 

94 

81 

96 

69 

92 

124 

Alpha-naphthyl acetamide 

38 

99 

85 

89 

53 

109 

106 

213 y 

109 

64 

.Indoleacetic acid 

4 

33 

92 

91 

91 

114 

78 

62 

96 

137 

Traumatic acid 

14 

31 

54 

31 

101 

77 

109 

65 

70 

49 

Uric acid 

114 

85 

117 

139 

88 

126 

56 

139 

97 

107 

Adenine 

90 

116 

103 

125 

100 

107 ] 

98 

86 

103 

83 

Thymine 

64 

83 

66 

45 

107 

49 ! 

79 

114 

67 

91 

Cytosine 

117 

168 

117 

101 

93 

123 1 

130 

76 

78 

127 

Uracil 

103 

132 

56 

94 

84 

89 

88 

92 

103 

89 

2 methyl-4,6 dihvdroxy- 
purine 

212 

67 

95 

54 

83 

81 

85 

51 

j 

87 

81 

2 methyl-4-hydroxy-5- 
hvdroxymethylpurine 

68 

159 

71 

113 

300 

68 

86 

83 

74 

117 

2 methyl 4 amino 5-thio- 
f o r m amidomethylpurinc 

30 

117 

34 

136 

92 

53 

95 

99 

119 

76 

2 methyl 4-hydroxv-5* • 
a minomethvlpurine- 
hydrochloride 

0 

0 

74 

79 

312 

87 

64 

121 

79 

114 

2 methyl-4 amino-5-amino- 
methylpurine-hydro- 
chloridc 

93 

125 

77 

79 

67 

110 

73 

136 

86 i 

106 

Pimelic acid 

3 

49 

74 

49 

129 

59 

91 

64 

96 

79 

Allantoin 

78 

92 

35 

58 

90 i 

86 

89 

92 

89 

83 

Alloxan 

79 

95 

74 

80 

102 ! 

95 

80 

125 

90 ! 

92 

2-chloroi8othiamin-iodide 

93 

92 

100 

75 

121 ! 

97 

55 

97 

113 

! 

78 


* Significant deviations from the controls. 


fact that the medium already contained the optimum concentration of boric 
acid. Since it also contained the full complement of inorganic chemicals 
known to be essential to plant growth it seems highly probable that the 
etfects of the stigma are due at least in part to one or more of its organic 
constituents. This suggestion is supported by the fact that an extract of 
saffron also shows some activity. 
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Germination and pollen tube growth were also promoted by crowding 
the pollen. This appears to be parallel to the well known “bios effect” in 
yeast and other microorganisms where the growth of organisms is stimu¬ 
lated when the inoculum contains large numbers. This effect in pollen has 

TABLE IY 

Effects or pubf growth factors on germination and tube growth op Milla pollen 


Growth substance concentration 
Milligrams per liter 


Growth substance 

100 

10 

1.0 

0.1 

0.01 

A 5 
ft g 

Si < 

o ft 

W 

Si 

E ft 

Germi¬ 

nation 

Tube 

length 

Germi¬ 

nation 

Tube 

length 

g§ 

h 

C5 55 

Tube 

length 

Germi¬ 

nation 

Tube 

length 


% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

Thiamin 

75 

51 

87 

59 

77 

67 

72 

57 

[ 94 

53 

Niacin 

96 

90 

92 

71 

53 

127 

85 

80 

86 

68 

Niacinamide 

86 

56 . 

97 

49 

110 

34 

88 

74 

64 

102 

Riboflavin 

118 

142 

87 

112 

95 

107 

107 

208* 

112 

142 

Para-aminobenzoic 







i 




acid ^ 

164* 

80 

78 

214* 

203* 

117 

193* 

104 

163* 

110 

Inositol 

176* 

153 

190* 

123 

161* 

110 

180* 

153 

149 

141 

Pyridoxin 

109 

72 

106 

105 

88 

83 

43 

139 

78 

! 244* 

Ascorbic acid 

92 

98 

105 

84 

100 

80 

102 

110 

94 

87 

Alpha-naphthyl acet- 











amide 

23 

110 

62 

146 

105 

110 

115 

139 

103 

160 

Indoleacetic acid 

67 

61 

82 

142 

74 

178 

74 

244* 

82 

107 

Traumatic acid 

0 

0 

13 

55 

62 

117 

100 

133 

84 

117 

Uric acid 

67 

31 

90 

41 

97 

63 

51 

20 

67 

57 

Adenine 

106 

94 

108 

76 

109 

50 

110 

68 

112 

60 

Thymine 

Cytosine 

Uracil 

102 

128 

102 

94 

93 

168 

94 

188* 

102 

87 

76 

51 

89 

98 

96 

104 

100 

76 

97 

109 

137 

107 

142 

139 

153* 

79 

108 

79 

137 

170 

2-methyl-4,6-dihy- 











droxypurine 

140 

99 

127 

123 

142 

103 

130 

95 

149 

91 

2-methyl-4-hydroxy-5- 

hydroxymethyl- 


1 









purine 

98 

168 

97 

114 

98 

141 

98 

101 

98 

128 

2-methyl-4-amino-5- 

thioformamido- 











methylpurine 

102 

154 

98 

228* 

95 

114 

96 

248* 

99 

168 

2-methyl-4-hydroxy-5- 

aminomethylpurine- 











hydrochloride 

99 

262* 

100 

141 

99 

74 

95 

188* 

98 

101 

2-methyl-4-amino-5- 

aminomethylpurine- 











hydrochloride 

99 

202* 

99 

141 

102 

322* 

99 

154 

99 

101 

Pimelic acid 

106 

110 

112 

110 

114 

102 

108 

110 

108 

110 

Allantoin 

110 

57 

99 

102 

105 

86 

105 

78 

112 

65 

Alloxan 

103 

39 

104 

44 

108 

52 

112 

60 

104 

70 

2-chloroisothiamin- 











iodide 

0 

0 

11 

71 

19 

191* 

124 

147 

148 

167 

Ca-pantothenate 

110 

130 

84 

99 

73 

57 

124 

205* 

126 

213* 


* Significant deviations from the controls. 


also been recently noted by Beck and Joly (1). With both species no 
tropistic growth was observed either towards or away from clumps of pollen. 
The direction of growth appeared to be completely random, regardless of 
the arrangement of the pollen. 
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TABLE V 

Effects of pure growth factors on germination and tube growth 
of Tropaeolum pollen 


Growth substance concentration (in terms 
of saturation) 


Growth 

substance 

Sat’d 

0.1 

j SAT ’D 

0.01 

SAT’D 

0.001 

SAT ’D 

0.0001 
SAT’d 

Germi¬ 

nation 

Tube 

length 

Germi¬ 

nation 

Tube 

length 

A g 

3 2 

as 

C5 fc 

Tube 

length 

Germi¬ 

nation 

Tube 

length 

Germi¬ 

nation 

Tube 

length 


% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

Alpha-tocopherol 

98 

56 

113 

96 

85 

81 

91 

! 107 

108 

107 

Estrone 

129 

130 

110 

92 

129 

115 

95 

121 

126 

143 

Xanthine 

98 

141 

133 

94 

64 

89 

46 

98 

92 

120 

Guanine 

129 

83 

100 

76 

116 

101 

115 

55 

128 

82 

4 methyl-5-hydroxymethyl 
uracil 

124 

152 

119 

74 

77 

117 

42 

130 

100 

74 


Tables III to VI present the results of tests of pure substances. The 
starred (*) values represent significant deviations from the controls. Sig¬ 
nificant differences were found to be an increase in germination of 51 per 
cent, and an increase in tube length of 85 per cent, over the controls. The 
terms “significant difference” as here used indicates that analysis showed 
that there was less than 1 possibility in 20 that the observed difference was 
due to pure chance. Sixteen of the substances tested affected germination 
or tube growth when judged on this basis. 

The above results were all from tests with single substances. Table VII 
shows the results of experiments with two mixtures of pure substances. 

TABLE VI 

Effects of pure growth factors on germination and tube growth 
of Milla pollen 


Growth substance concentration (in terms of saturation) 


Growth 

Sat’d 

0.1 

sat’d 

0.01 

SAT ’D 

0.001 

SAT ’D 

0.0001 

SAT’D 

substance 

Germi¬ 

nation 

Tube 

length 

Germi¬ 

nation 

Tube 

length 

A g 

3 2 

« H 

W <4 
$ fc 

Tube 

length 

Germi¬ 

nation 

Tube 

length 

Germi¬ 

nation 

Tube 

length 

2 -methyl-l^-naphtho- 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

quinone 

8 

46 

5 

46 

92 

109 

142 

114 

129 

180 

Alpha-tocopherol 

98 

66 

93 

103 

106 

79 

106 

74 

91 

79 

Estrone 

84 

60 

85 

120 

108 

74 

95 

86 

98 

55 

Xanthine 

65 

37 

93 

101 

112 

90 

108 

103 

107 

94 

Guanine 

4-methyl-5-hydroxy- 

82 

27 

105 

140 

127 

203* 

141 

257* 

129 

138 

methyluracil 

86 

81 

97 

89 

102 

140 

90 

144 

102 

127 

Acenaphthene 

126 

154 

147 

197 # 

139 

199* 

63 

90 

153* 

130 


h Significant deviations from the controls. 
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These combinations did not appreciably add to germination or tube growth 
over that of single substances. 

Table VIII presents a classification of all the pure substances tested and 
indicates which were effective in promoting germination or pollen tube 
growth. 

TABLE VII 

Effects of mixtures of pure substances on germination and growth 

* OF POLLEN TUBES 


Concen¬ 

tration 

Substance 

1 mg./l. 

Indoleacetic acid 

10 mg./l. 

Niacinamide 

10 mg./l. 

Thiamin 

100 mg./l. 

Riboflavin 

0.01 mg./l. 

Inositol 

0.1 sat ’d 

Estrone 

0.01 sat’d 

Guanine 

0.1 mg./l. 

Indoleacetic acid 

0.1 mg./l. 

Niacin 

0.1 mg./l. 

Thiamin 

0.1 mg./l. 

Riboflavin 

0,1 mg./l. 

Inositol 

0.1 mg./l. 

Pyridoxin 

0.1 mg./l. 

Ascorbic acid 

0.1 mg./l. 

Para-aminobenzoic acid 

0.1 mg./l. 

Ca -pantothenate 

2% 

Gum Tragacanth 

To give pH 4.4 

Citric acid 


Percentage 

GERMINATION 

Tube length 

Tropae- 

OLUM 

Milla 

Tropae- 

olum 

Milla 

150 

112 

80 

147 


43 


147 


Discussion 

From these experiments it appears that germination of the pollen grain 
and the subsequent growth of the pollen tube are not necessarily related 
phenomena. They can be stimulated independently. For example, inositol 
increased the germination of Milla pollen up to 90 per cent: over that of 
the controls without greatly affecting the length of the tubes. Guanine, on 
the other hand, increased the length of the pollen tubes of Milla up to 157 
per cent, more than that of the controls, without significantly affecting the 
percentage of germination. Two substances, para-amino-benzoic acid, and 
acenaphthene affected both processes. 

It is of interest to note that several classes of substances show activity 
in the germination and growth of pollen. These include vitamins, plant 
hormones, and pyrimidines and purines. The latter group of substances 
should perhaps be classified with the plant hormones since the purines are 
active as leaf growth factors. They were kept separate, however, for con¬ 
venience in handling a large group of chemically distinct compounds. Sev¬ 
eral vitamins are known to be growth hormones in the higher plants or 
growth factors for the lower plants. The ultimate function of these chem- 
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TABLE VIII 

Summary op the pure substances employed in experiments on the germination 

AND GROWTH OF POLLEN TUBES, AND THEIR ACTIVITY 



Significant increases 

Substance 

Percentage 

germination 

Tube length 


Tropae- 

Milla 

Tropae- 

Milla 


olum 

olum 

Water soluble vitamins 





Thiamin f 

Niacin t 

Niacinamide t 

Riboflavin 


i 

** 

« 

p Aminobenzoic acid 


** 



Inositol 

Pyridoxin t 

Ascorbic acid 


** 


** 

Ca pantothenate 
a-Naplithyl acetamide 

* 


* 

* 

Oil soluble vitamins 





2-methyl-l, 4-naphthoquinone 
a-Tocopherol 





Plant hormones 





r Indoleacetic acid 




«* ** 

Traumatic acid 





Animal hormones 





Estrone 





Pyrimidines and purines 





Uric acid 

Adenine 

Xanthine 

Guanine 




«» 

Thymine 

Cytosine 

Uracil 




* 

2 methyl-4,6-dihydroxypurine 

2 methyl-4-hydroxy-5-hydroxymethylpurine 





2 methyl-4-amino-5-thioformamidomethyl- 




** 

purine 


r '*** 


4 methyl-5-hydroxymethyluracil 

2 methyl-4-hydroxy-5-aminomethylpurine- 
hydrochloride 

2 methyl-4-amino-5 aminomethylpurine- 



• 

«» 

hydrochloride 




** 

Miscellaneous compounds 





Pimelic acid 

Allantoin 

Alloxan , 

2-chloroisothiamin-iodide 




* 

Acenaphthene 




* 


* Significant activity, less than 1 chance in 20 that the results were due to pure 
chance. 

** Highly significant activity, less than 1 chance in 100 that the results were due to 
pure chance. 

t These may also be classified as plant hormones. 
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icals within the pollen has not yet been determined, but it is reasonable to 
suppose that it is similar to the function of the same chemical in other parts 
of the plant. That is, indole-acetic acid is essential to cell elongation, and 
the various water soluble vitamins function in respiratory enzyme systems. 
The purines have been reported to promote leaf growth under some circum¬ 
stances ( 2 ). 

Even with the addition of the growth substances employed, the growth 
of the pollen tube can neither be considered normal nor approaching that 
of pollen germinated in stigma exudate. In exudate the tubes averaged 
16 diameters long. In the various media employed tubes varied from 1 
to 6 or 7 diameters long. Tubes in synthetic media were often thin, burst 
soon after germination, or were sometimes highly vesicular. This would 
indicate that the media employed were incomplete and lacking in some other 
factor (s) since it can be supplied at least in part by stigma exudate. A 
search is now under way for this factor (s). The results will be reported in 
a later communication. 

Summary 

This paper reports the results of tests of 33 pure growth substances on 
the germination of pollen and the growth of pollen tubes of Tropaeolum and 
Milla. Sixteen substances increased germination or tube growth signifi¬ 
cantly. 

The results give evidence supporting the view that the germination of 
pollen and the growth of the pollen tube are at least in part physiologically 
independent. Certain substances may affect one process and not the other. 

The investigator is indebted to Dr. James Bonner for helpful criti¬ 
cisms in the planning of these experiments and for reading the manu¬ 
script ; and to Dr. Harriet Bonner for analyses of variance of the control 
data. He further acknowledges'the cooperation of Mr. W. M. James and 
Mr. A. B. Lytel of Las Positas Nursery who furnished the Milla flowers; and 
Mrs. E. M. Bodger of Bodger Seeds, Ltd., who provided a generous supply 
of Tropaeolum seeds. He wishes also to thank Miss Margaret Kerr for 
able assistance in the performance of these experiments and Dr. R. T. 
Major of Merck and Company, and Dr. James Bonner of the California 

Institute of Technology for certain of the chemicals employed. 

\ 

Santa Barbara State College 
Santa Barbara, California 
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AN AUTO-IRRIGATOR FOR GROWING PLANTS IN THE 
LABORATORY 


A. D. Moinat 
(with one figure) 

At present, the most practical method of controlling £oil moisture for the 
roots of laboratory plants seems to be the method of adding water to the 
surface soil in order to bring the soil container, its soil, and the plants grow¬ 
ing therein to a certain predetermined weight which represents the desired 
moisture content. The principal difficulty in this procedure lies in attain¬ 
ing the original distribution of moisture in the soil which was quite uniform 
at first, but soon afterward becomes variable both vertically and horizontally 
through the soil container. Hendrickson and Veihmeyer (2) found that 
uniform distribution of moisture in a soil container is unattainable after 
drying, until the water content again reaches the rather high level marked 
by the moisture equivalent. At low moisture contents, there are regions in 
the container with variable water content and the most active roots will be 
in the region of optimum moisture. 

The most successful mechanism for moisture control seems to be that 
devised by Livingston (3) and further developed in a new device, the double 
walled pot, by Richards (4). Here, the plants in the irrigator must pull 
against the weight of the column of supply water through a tube reaching 
to a reservoir at a lower level than the irrigator itself. In the double walled 
pot, Richards and Loomis (5) have found a decreasing degree of control 
of the soil moisture the lower one departs from the moisture equivalent. 
At the lower moisture contents, the water is lost from the container much 
more rapidly than it can be replaced because of the low rate of water move¬ 
ment in dry soil. The soil in the container may reach the wilting percentage 
and the plants growing therein remain unwilted if their roots are in contact 
with the source of supply through the porous clay walls of the container. 

In the apparatus described in the present paper, a much simpler system 
of water control was used, although one which has its limitations. At low 
moisture percentages there is difficulty in supplying moisture at a rate suffi¬ 
ciently high to maintain the certain desired low soil moisture which repre¬ 
sents the actual water available to the roots of plants growing in the 
irrigator. 

Materials and methods 

The principle involved in all irrigators which attempt to control the 
water supply for ^oots, involves the separation of the roots from actual con¬ 
tact with the water supply. Several separating substances have been tried, 
such as the unglazed clay used by Livingston (3) and others, and the plas- 
ter-of-Paris and unglazed clay plates used in this study. 

In the first trials, porous clay plates of rather uniform 3/16-inch thick- 
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ness, sealed with plaster-of-Paris in the bottom of fin soil containers (tops 
of gallon pails) were used. Nine of these were placed on the surface of 
sand of a rather fine textural grade, which had been uniformly compacted 
into a large 30 x 30-inch rectangular, galvanized iron container, 18 inches 
deep. The water came up from a supply in the bottom of this container, 
through the sand, to the porous plate in the bottom of each soil container. 
The water was maintained at an approximately constant level by the use 
of feed tubes from a flask above, using the Mariotte principle. Distribution 
across the bottom of the galvanized iron sand container was secured by using 
a layer of coarse gravel about 1£ inches deep over the bottom, upon which 
the sand was packed. Three levels of sand can be used in one sand con¬ 
tainer, but due to the need for more uniform light for all of the plants in 
one test, it is probably better to use sand at a single level in each container 
and that level to be near the top of the container. 

Heavy 28-inch dish pans were also used as sand containers with dif¬ 
ferent rates of supply secured by filling each of the several pans with one 
of several different textural grades of sand. 

A second type of plate developed consisted of plaster-of-Paris mixed 
thin and poured over a compacted smooth sand in such a sand container 
as a glazed earthenware jar of 2- or 3-gallon capacity. Soil was then placed 
on the plate to fill the upper part of the jar. Great care in any case must 
be observed to get complete sealing of the plate with the walls of the soil 
container (fig. 1). The plaster-of-Paris plate formed in this fashion is not 
as uniform in thickness as the manufactured clay plate but has the advan¬ 
tage of giving excellent contact with the sand, which seemed to be a draw¬ 
back of the manufactured plate. 

The soil moisture has been determined by two methods: first, sampling 
and oven drying to constant weight at 105° C. ; and, -second, by use of the 
Bouyoitcos (1) electrical resistance method. With the latter method, the 
plaster-of-Paris blocks in which the resistance electrodes were imbedded were 
laid either directly on the plaster-of-Paris plate of the irrigator or, in the 
majority of cases, on a thin layer of soil above the plate. The resistance was 
then measured with a Leeds and Northrup conductivity apparatus. 

Results 

Porous clay plate irrigators 

The results of a series of irrigator studies using the large galvanized 
iron sand containers and the porous clay plates as described above, are given 
in table I. The sand in the irrigator was approximately 30 cm. deep. Irri¬ 
gator 4 in the table was in reality a new set-up of number 3 in which the soil 
was replaced in the soil containers, but the containers themselves were not 
moved. Gradual drying of the soil containers is seen in the 3A-3C, and 
4A-4B columns although this drying is not entirely uniform. It is evident 
from the table that there is considerable variation between the various con¬ 
tainers of one irrigator, a divergence which is probably too great except in 
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studies where rather wide ranges of soil moisture are permissible. The 
moisture in the sand beneath the plates is also variable and often does not 
correlate exactly with the moisture in the soil containers above. This vari¬ 
ation in sand moisture, which is undoubtedly not entirely due to errors in 
sampling, will always be a cause of some variability in moisture supply to 
the irrigator plates. 

Stone jab irrigators and plaster-of-Paris plates 

Eight stone jars were arranged as irrigators as illustrated in figure 1. 
Irrigator number III was set up with provision for daily reading of the 
electrical resistance and conditions for obtaining a gradual decline in the 

TABLE I 

Soil moisture in porous clay plate irrigators set up in 30 x 30 -inch 

SAND CONTAINERS NOS. 2-4 


Irrigator tanks 


container 

2A 

3A 

3B 

3C 

4A 

4B 

Sand* 


% 

% 

% 

% 

% 

% 

% 

1 


21.5 

21.0 

18.3 

16.9 

12.0 

3.46 

2 

13.1 

19.6 

17.8 

16.2 

16.4 

12.1 

3.24 

3 

13.4 

18.9 

17.9 

14.7 

17.6 

13.3 

3.56 

4 

11.4 

18.8 

18.5 

17.3 

18.8 

15.8 

3.84 

5 

12.8 

18.0 

16.8 

17.4 

19.4 

13.2 

3.97 

6 

13.3 

18.1 

18.9 

15.9 

17.0 

12.4 

3.79 

7 

12.4 

20.17 

18.7 

17.9 

18.3 

13.0 

3.77 

8 

14.3 

20.4 

20.5 

18.3 

19.2 

15.6 

4.9 

9 

11.2 

23.5 

22.3 

17.9 

16.3 

12.1 

3.34 

Mean 

12.7 

20.2 

19.2 

18.7 

18.1 

13.3 

3.77 

Emt 

0.40 

0.58 

1.76 

0.31 

0.39 

0.49 

0.17 

Date 








started 

3-16 

4-7 



5-19 



Date 








sampled 

4-1 

5-7 

5-14 

5-19 

5-25 

6-9 1 

6-15 


* Sample taken under plates of 4B. 
t Em: standard error of the mean. 

moisture content of the soil. There was no disturbance of the soil for 
sampling until the apparatus was dismantled at the end of eleven days. 
Two resistance blocks were placed in the soil, one on either side of the 
irrigator. From table II, it can be seen that the resistance gradually in¬ 
creased, but somewhat irregularly. The final moisture determined from a 
soil sample taken from the upper surface of the two resistance blocks was 
22.3 and 22.4 per cent., respectively. Although several of the irrigators 
in this series were set up with the view to obtaining readings at a low* 
moisture content, none reached a low point in the time available because 
of the amount of water needed to pour the plaster-of-Paris plate. 

Irrigator number IV was set up to run with a high moisture supply. 
The resistance increased in the 10-days ’ run rather irregularly and the mois¬ 
ture samples from on top of the blocks were approximately equal as is shown 
in table II. The resistance readings in all of the present stone-jar-irrigator 
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series are somewhat variable because of the high nioisture in the soil. In 
dry soil, the end points for the hummer on the resistance apparatus are 
more definite. 

Irrigators V, VI, and VII were rather irregular in their resistance read¬ 
ings, which did not always seem to follow exactly the decreases in soil mois¬ 
ture as determined by sampling. This irregularity may have been due to 
disturbance of the soil when the samples were taken, or to the fact that the 
resistance readings are more variable at the higher moistures. 

In general, resistance readings appear to be less accurate at the higher 
soil moistures, and each resistance block must be calibrated in order to make 



Fig. 1. Auto irrigator with plaster of-Paris plate: a, reservoir; b, soil; c, plaster- 
of Paris plate; d, conduit for water supply tubes; e, capillary column of sand; f, gravel 
for distribution of water across bottom of container. 

comparisons between blocks. It is believed, however, that this method has 
definite possibilities in certain types of work since the soil need not be dis¬ 
turbed while following moisture changes. 

Distribution of moisture in the stone jar irrigators using plaster- 

of-Paris plates 

From samples taken at different positions in the irrigator soil some idea 
of the uniformity of water supply can be gained. In general, there is 
slightly more water in the soil at the surface of the plaster-of-Paris plate 
than there is on top of the resistance block about a half inch higher in the 
irrigator. See table III, irrigator V. 
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TABLE III 

Variation in moisture content op soil at different positions in the irrigators V-VHI 
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The average difference in moisture percentages between comparable posi¬ 
tions in irrigator YI is 0.7 per cent., while the maximum difference is 1.7 per 
cent, in soil of an irrigator that was rather frequently disturbed by sampling. 
In irrigator YII the average difference in water content of the soil from dif¬ 
ferent positions was 1.05 per cent, with a maximum difference of 1.4 per cent. 
The average difference in irrigator VIII is 1.15 per cent, with 2.4 per cent, 
as the* maximum. The largest differences are in the third and last sampling 
after some disturbance of the soil. 

With the porous clay plate irrigators the average difference of compa¬ 
rable samples as taken from the sand containers, or tanks 2, 3 and 4 reported 
above, was 0.74 per cent, but was found to be over 2 per cent, in individual 
soil containers. 

Nutrient solution in the irrigator 

In stone jar irrigators numbers I and II, washed Ottawa sand was used 
above the plate instead of soil and the same type of sand was used for the 
capillary column below the plate. In irrigator I, nutrient solution was used 
instead of water; in irrigator II, distilled water was used for the water sup¬ 
ply. Beans were planted in both irrigators. The plants which were grown 
in the irrigator supplied with distilled water for 3 weeks began to show 
deficiency symptoms in the form of reduced growth and lighter colored areas 
on the leaves. The plants which had been supplied with the same quantity 
of a complete nutrient solution appeared to be healthy and made good 
growth in spite of the fact that the nutrients had to move through the CaS0 4 
plate. One or two small roots managed to get through the plate of each 
irrigator but they were too small to account for the difference in growth. 
Further studies will be necessary to determine the value of this method of 
nutrient supply. 

Discussion 

In the irrigator which has been described we have a simple device by 
means of which one can grow plants at various rates of water supply. At 
the lower moisture levels, the roots obtain their moisture directly from the 
porous plate rather than from the soil but, nevertheless, it is possible to get 
the desired effects on the plants. The soil over the roots, of course, does not 
contain as much moisture as is actually available to roots which are in con¬ 
tact with the plate and often massed on the plate. Covering the soil surface 
to prevent excessive evaporation would tend to delay the exhaustion of 
moisture from the irrigator soil but would also introduce aeration problems. 
The writer and others have used this method to obtain plants with the char¬ 
acteristics typically developed under different moisture supplies. In some 
cases florists’ pots, with the drainage hole sealed with plaster-of-Paris, and 
then sunk in water supplying sand, have been used instead of porous plates. 

Summary 

1. An irrigator is described which depends upon the capillary rise of 
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water through sand to supply the water for plants growing in soil above a 
porous plate embedded in the surface of the sand. 

2. By varying the depth of the sand or its textural grade, moderate sized 
plants can be grown under conditions of high, low, and moderate moisture 
supply. 

3. Specifications to obtain a definite soil moisture are, for all practical 
purposes, impossible to list at present because of the variability in the sand, 
the porous separation plate, the soil, etc. 

4. In a set-up of stone jar irrigators, with the soil moisture ranging be¬ 
tween 20 and 30 per cent., the distribution of moisture across the irrigator 
was uniform within 2.5 per cent. 

5. At the lower soil moistures, approaching the wilting point, soil samples 
from soil even very close to the plate may not represent the moisture avail¬ 
able to plants with their roots in direct contact with the plate. 

6. The Bouyoucos electrical resistance apparatus offers a method of 
following soil moisture conditions in the irrigator without disturbing the 
soil. The accuracy of this method proved to be less at the higher moisture 
contents. 

The idea of the capillary column of sand and the porous separating plate 
for the irrigator described in this report was received from Dr. C. F. Hottes 
of the University of Illinois. The author also wishes to express his ap¬ 
preciation for suggestions and aid given by Dr. S. V. Eaton and Mr. Robert 
Whitmore in the course of the resistance measurements which were carried 
out at the Barnes Laboratory of Plant Physiology, University of Chicago. 

Colorado State College Branch 
Hesperus, Colorado 
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A METHOD OF INCREASING THE RATE OF SEED GERMINATION 
OF TARAXACUM KOK-SAGHYZ 1 - 2 

J. Levitt and P. C. Hamm 
(with thirteen figures) 

The germination of kok-saghyz seed is a gradual process, the first seed¬ 
lings pushing through in a few days, the rest appearing successively during 
a period of several weeks. Obviously, surface soil moisture must be main¬ 
tained high throughout this period if a good stand is to be established, espe¬ 
cially since the seeds are small and have to be sown very shallow. Since such 
ideal conditions seldom prevail, and since the long drawn out germination 
period is highly conducive to damping off, poor stands are frequently ob¬ 
tained. Some means of speeding up the process of germination is therefore 
desirable. 

In view of the rapid appearance of the first few seedlings, and in the 
absence of hard seed coats, a plausible explanation of the tardiness of the 
remaining seeds is that they are not fully mature, i.e., their physiological 
and perhaps morphological development was not completed when they were 
harvested. 

The aim of this investigation was to find some way to mature these seeds 
before so^vtfing them. This should be possible by increasing the moisture 
content of the seeds sufficiently to permit the necessary physiological 
changes, but insufficiently to permit germination. It should then be pos¬ 
sible to dry the seeds so that they can be sown in the usual way. 

The two recommended methods (presoaking and vernalization) wittingly 
or unwittingly make use of this principle. The former, however, permits 
some germination, and in both cases the seeds are sown wet. Consequently 
injury sometimes results. Furthermore, it is difficult to obtain uniformity 
in water uptake by these methods. Some better procedure must therefore 
be sought. 

In the following investigation, unless otherwise stated, each value for 
germination is an average of three Petri plates containing 100 seeds per 
plate. The seeds were sown on a piece of filter paper which covered the 
bottom of the plate, and were supplied with 5 ml. of water. Since tempera¬ 
ture was not controlled (except when stated), individual experiments cannot 
be compared directly with each other. 

The amount of water absorbed by the seeds can be accurately controlled 
by permitting the seeds to come to equilibrium with a solution of known con¬ 
centration. Seeds were therefore soaked in dextrose solutions of different 
concentrations, rinsed with water, dried for about 8 hours, and sown. The 
stimulation was distinct and none of the seeds were injured by the treatment 

i Tne seqds used in this investigation were obtained from the U.S.D.A. 

a Paper no. 2052, Scientific Journal Series, Minnesota Agricultural Experiment 
Station. 
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(fig. 1). Not all of the concentrations tried were of equal value. There 
was an optimum range, (M dextrose), on either side of which the effect 
decreased. 

If the effect of the solution is simply osmotic, it should be possible to 



Figs. 1-4. Upper left: Seeds soaked for 3 days in dextrose solutions, rinsed, dried 
for 8 hours, then sowed. 

Upper right: Seeds soaked for 3 days in salt solutions, rinsed, dried for 8 hours, then 
sowed. 

Lower left: Seeds soaked for 3 days in KNO s solutions, rinsed, dried for 8 hours, then 
sowed. 

Lower right: Seeds soaked for 3 days in solutions, rinsed, then sowed without previous 
drying. 

duplicate these results with other solutes. This would be desirable since 
even the stronger dextrose solutions become mouldy. Mineral nutrients 
were next tried, in the hope that they might also have a stimulating effect 
on the seedlings due to their nutrient value. 
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All the solutions tried increased the rate of germination, some more than 
others (fig. 2). The differences are not necessarily due to the chemical na¬ 
ture of the solutes, since though the molar concentrations were the same, the 
osmotic values were not. 

Decreasing the concentration increased the stimulation up to a point 
(fig. 3), just as in the case of dextrose. Apparently, if the water content 




Figs. 5-8. Upper left: Seeds soaked for three days in M KNO a one set in the light, 
the other in the dark. Both rinsed, dried, then germinated in the dark. 

Upper right: Seeds soaked for 3 days in M KNOj, rinsed, dried for 8 hours, 1 week, 
2 weeks, and 4 weeks, respectively, then sowed. 

Lower left: Seeds soaked in M KNO a for 1 day, 2 days, 1 week, and 2 weeks, respec¬ 
tively, then rinsed, dried 8 hours, and sowed. 

Lower right: Seeds soaked in M KH a P0 4 , M K a HP0 4 , and a 1: 1 mixture of the two, 
respectively, for 3 days, then rinsed, dried, and sowed. pH’s of solutions, 4.1, 8.9, and 7.6. 


of the seeds is increased too much, the effect is lost during the subsequent 
drying^roeess, even though no sign of germination is evident. When the 
same experiment was repeated without drying the seeds, the lowest concen¬ 
tration produced the greatest stimulation (fig. 4). 
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The effect of other factors on the stimulation produced by the osmotic 
method was next investigated. Treatments were found to have the same 
effect whether conducted in the light or in the dark (fig. 5). 

From the practical point of view, it is of prime importance to know 
whether the effect is retained for long periods after drying. Figure 6 shows 
that it is. 

Surprisingly short soaking periods proved to be as effective as con¬ 
siderably longer ones (fig. 7). The longest periods seemed somewhat less 
effective. 



Figs. 9-12. Upper left: Seeds soaked 3 days in M KNO„ then rinsed once, (1) ; 
sowed without rinsing (2); washed for two hours (3); and rinsed three times with 10 ml. 
water (4). AU were then dried and sowed. Untreated control (5). 

Upper right: Seeds soaked in M KNO a at 5° C., 10° C., 17° C., 23° 0., then rinsed, 

dried and sowed, x-x, soaked 4 days; O-0> soaked 1 week; #-•, 

soaked 2 weeks. 

Lower left: Seeds soaked 3 days in M KN0 8 , rinsed, dried, then sowed at 23° C., 17° 
C., 8° C., respectively. Similar results were obtained at 4° C., germination beginning 
after 2 weeks. 

Lower right: 100 seeds soaked 3 days in M dextrose, M KNO*, M KH a P0 4 respec¬ 
tively, then rinsed, dried, and sowed in soil (about inch deep). 
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It was thought that since pH affects the hydrophily of colloids, this factor 
might have some influence on the degree of stimulation. Monobasic and 
dibasic potassium phosphate were therefore compared with each other and 
with mixtures of the two. The differences were slight (fig. 8). 

The amount of washing after soaking had very little effect when KN 0 3 
was the solute used (fig. 9). More toxic solutes, however, ( e.g . MgS0 4 , 
NH4NO3) must be removed more thoroughly, or the effect is lost and even 
a retardation of germination, or death of the seeds, may result. 

For practical as well as theoretical reasons, it is important to know the 
relationship of the stimulation to temperature. Figure 10 shows that the 
length of the soaking period required to produce the effect varies inversely 
with the temperature, as would be expected. The temperature coefficient, 
however, is low enough (below 2) to indicate that a physical factor is limit- 
100 


75 


50 


25 


0 

Pig. 13. Seeds exposed to atmospheres in equilibrium with M and M/2 CaCl 2 for 1 
week, then sowed at the same time as control set and set soaked 3 days in M KNO a , rinsed 
and dried. 

ing. It is interesting to note that at 23° C. the 4-day treatment is best, at 
5 and 10° the 2-week period is best, at 17° C. the three lengths of treatment 
had the same effect. 

The effect persists regardless of the temperature during germination, at 
least from 4 to 23° C. (fig. 11). One surprising difference is, however, re¬ 
vealed. At 23° C. only the rate of germination is increased by the treat¬ 
ment, at 17° C. both the rate and the total percentage of germination, at least 
at the end of 3 weeks. 

All these tests were performed in Petri plates. It is, of course, essen¬ 
tial to know whether the same effect is obtained in soil. Figure 12 shows 
that it is. 

Some other kinds of seeds were tested to determine whether the stimu¬ 
lating effect of the osmotic method is specific to kok-saghyz. 

Kentucky bluegrass seed was soaked for 8 days in M KNO s , washed, then 
dried before sowjpg. Little or no germination occurred in either the treated 
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or the control seeds, as long as they were kept in 'the dark. On transfer to 
the light, however, the treated seed germinated to the extent of 98 seeds in 
300, the control 7 seeds in 300, in a period of one month. Rutabagas, on 
the other hand were apparently injured by the treatment and germination 
was markedly reduced. 

If the osmotic method owes its effectiveness simply to an osmotic control 
of the amount of water taken up by the seeds, similar results should be ob¬ 
tainable by simply exposing the seeds to an atmosphere of the same vapor 
pressure as the solution. Seeds were therefore exposed to the atmosphere 
over solutions of CaCl 2 for a week, then sown (fig. 13). This method in¬ 
duced a stimulation, though not as great as that obtained by the osmotic 
method. The difference may perhaps be due to slowness of absorption of 
water vapor. 

Summary 

Germination of kok-saghyz seed was hastened by permitting the seeds to 
absorb water in quantity insufficient to induce germination, then drying the 
seed before sowing. The stimulation was obtained whether the uptake of 
water was controlled osmotically or by exposure to atmospheres of definite 
relative humidity. 

The following results were obtained with the osmotic method. No loss 
of the stimulation oecurred even 4 weeks after drying. The optimum con¬ 
centration was M/2 for KN0 3 , M for dextrose. When the seeds were sown 
without being dried, even weaker concentrations were optimum. Two 
weeks ’ treatment proved better than shorter periods at 5 and 10° C., 4 days 
was better than 1 or 2 weeks at 23° C., whereas at 17° C. all three lengths 
of time gave the same results. Two weeks at 10° C. gave the best results 
of all the above. The Van’t Hoff coefficient was less than 2. When germi¬ 
nated at 23° C., the treatment had no effect on the final percentage of ger¬ 
mination. At lower temperatures it increased the final percentage of ger¬ 
mination. Factors having little or no effect on the stimulation are: the 
nature of the solute (if thoroughly washed off), the amount of washing (in 
the case of KNO s ), the pH of the solution, the presence or absence of light. 

The stimulation was obtained whether the seeds were germinated in Petri 
plates or in crocks of soil. 



INHIBITING INFLUENCE OF THE LEAVES ON THE 
PHOTOPERIODIC RESPONSE OF 

NOBEL SPINACH 

Alice P. Withrow, R. B. Withrow, and 
J. P. Biebel 

(with two figures) 

Introduction 

Cajlachjan (2), Moskov (9), Lubimenko (8), Hamner and Bonner 
(3), Hamner and Long (4) and Borthwick and Parker (1) have shown 
that the flower forming stimulus in short day plants is initiated in the 
leaves. One leaf of a normal plant kept in a favorable short photoperiod 
was reported to be sufficient to induce flowering in the short day plants, 
Biloxi soybean (1) and Xanthium (3), even though the remaining leaves on 
the plant were kept in an unfavorable photoperiod. Under certain cir¬ 
cumstances, however, involving two-branched plants or grafted plants where 
one branch or plant is induced to flower while the other is kept in an unfavor¬ 
able photoperiod, the leaves on the latter branch or plant have been shown 
to inhibit flowering of that branch or plant. The effect is not carried over 
to other plant portions (1, 3, 5). 

Work of this type on long day plants has not been very extensive. 
Knott (8) reported that the flower stalk formation in Virginia Savoy and 
Old Dominion varieties of spinach was not affected by the photoperiod given 
the bud but only by that received by the leaves. Lang and Melchers (7) 
reported that leafy biennial Hyoscyamus niger plants which were pre-treated 
with a low temperature of 5° C., flowered only in a long photoperiod and 
failed to flower in a short photoperiod or in darkness. If, however, all the 
leaves were removed from plants which had received a low temperature treat¬ 
ment, they flowered under long photoperiods, short photoperiods, or in 
darkness. This indicates that the failure of this species to flower in a short 
photoperiod or in darkness may be caused by an inhibiting effect exercised 
by the leaves. 

Methods and results 

Preliminary experimentation 

A preliminary experiment with Nobel spinach was run to determine the 
reactions of this variety to photoperiodic treatment of the bud and the leaves. 
The plants were grown in flats of a sand-peat mixture and were supplied with 
a complete nutrient solution. Vegetative plants which had been kept in a 
10-hour photoperiod from germination were used for these and subsequent 
studies. A night temperature of 60° F. was maintained with a minimum 
day temperature of 70° F. Part of the plants were left intact and part 
were defoliated so that only the last matured leaf remained. The defoliation 

Journal Paper no. 41, of the Purdue University Agricultural Experiment Station. 
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technic was used when later experimentation showed that leaves in an un¬ 
favorable photoperiod exercised an inhibiting influence on flower bud 
initiation. It was thought desirable to reduce the number of such leaves to 
a minimum. 

The intact plants were given two treatments, 24 plants per treatment, 
using essentially the same technic as that described by Knott ( 6 ). In the 
first treatment, the plants were covered with opaque rubberized black cloth so 
as to maintain a 10-hour photoperiod. The covering was perforated with 
holes 16 mm. in diameter with iron washers centered over the holes to help 
hold the cloth in place. The holes were so placed as to expose the bud and a 
few adjacent young leaves. The plants were then placed under a 24-hour 
photoperiod (continuous irradiation) made up of solar radiant energy 
supplemented with 20 footcandles of incandescent lamp radiant energy. 
This was used for all subsequent long photoperiod treatments. The buds 
and a few adjacent young leaves, therefore, received 24-hour photoperiods 
while the remainder of the plant received 10-hour photoperiods. 

The second treatment was begun 38 days later, using vegetative plants 
of the same age as in the first treatment. The plants were placed under 
the long photoperiod with the entire plant exposed. Final data were taken 
52 days after the first treatment was begun. 

The one-leafed plants received three treatments, 16 plants per treat¬ 
ment: (1), the entire plant was given a 24-hour photoperiod; (2), the bud 
was given a 10-hour photoperiod and the leaf a 24-hour photoperiod; and (3), 
the bud was given a 24-hour photoperiod and the leaf a 10-hour photo¬ 
period. Individual squares of opaque rubberized black cloth were so 
arranged that the indicated portions of the plants received the indicated 
photoperiod. Dissection under a low power binocular microscope was made 
at the end of the experimental period where macroscopic buds were not 
visible. 

No intact plants formed flower buds except those in which the leaves 
received a long photoperiod, confirming Knott's results with Virginia 
Savoy and Old Dominion varieties of spinach. Where the plants were 
defoliated to one leaf and the bud was given a long photoperiod while the 
leaf received a short photoperiod, the plants also failed to form flower buds. 
If only the leaf received the long photoperiod and the bud was given a short 
photoperiod, the results were the same as when both the leaf and bud were 
given a long photoperiod, i.e ., all the plants flowered. 

Inhibiting influence of the leaves 

In an endeavor to determine if the presence of leaves in an unfavorable 
photoperiod inhibits flower bud initiation, the flowering of intact plants with 
only a portion of the plant in a favorable photoperiod and of partially 
defoliated plants was studied. 

Intact plants with approximately nine leaves were given three treat¬ 
ments. A number of leaves developed during the experimental period, 
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increasing the initial number. The treatments were: (1), one leaf exposed 
to a 24-hour photoperiod while the remainder of the plant was given a short 
photoperiod by covering with opaque rubberized cloth at the end of 10 hours 
of solar irradiation; (2), three leaves exposed to a long photoperiod with the 
remainder in a short photoperiod; (3), the entire plant exposed to a long 
photoperiod. The method of curtaining the plants is shown in figure 1. 

The plants were grown in subirrigation gravel culture with a complete 
nutrient solution. The minimum night temperature was approximately 60° 
P. with a minimum day temperature of 70° F. Twenty-four plants were 
used for each treatment. The long photoperiod was applied for 26 days 
after which time the plants were harvested. The plants were 58 days old 
at the beginning of the experiment. Microscopic dissection was made to 
observe floral primordia at the close of the experiment. 



Fig. 1. Method used to curtain intact plants so that one and three leaves received a 
24-hour photoperiod while the remainder of the plant received a 10-hour photoperiod. 

No flower primordia could be found at the end of the treatment when 
only one leaf received a long photoperiod. When three leaves were given a 
long photoperiod, no macroscopic buds developed; but on microscopic exami¬ 
nation, 70 per cent, of the plants were found to have developing floral 
primordia. If the entire plant received a long photoperiod, all the plants 
had macroscopic buds at 17 days; the first buds were visible in 12 days. 

In the defoliation experiments, plants with about nine leaves were 
defoliated respectively to one and three leaves and left intact. The leaves 
left on the plant were the youngest mature leaves and were more or less 
symmetrically arranged about the bud when three remained. The older 
leaves and the young developing leaves were removed. Young developing 
leaves were removed daily from the partially defoliated plants after the 
beginning of the experimental treatments. The plants were placed in a 
24-hour photoperiod immediately after defoliation. The same number of 
leaves received the long photoperiod as was the case with the intact plants. 
The cultural'conditions, age and number of plants, selection of leaves for the 
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long photoperiod treatment, length of treatment, ^nd method of observation 
for flower buds were the same as for the intact plants. 

The plants defoliated to one and three leaves all had macroscopic flower 
buds 19 days after the beginning of the treatment, about two days later than 
did the intact plants. The plants with one leaf first showed floral buds 16 
days after the beginning of the treatment and those with three leaves, 13 
days. The rate of flower stalk development was greater, in direct propor¬ 
tion to the number of leaves on the plant. It should be pointed out that 
the leaf area eventually exposed to the long photoperiod was not in pro¬ 
portion to the number of leaves since those plants having only one or three 
leaves produced much larger leaves than did the intact plants. Figure 2 
shows plants in which one and three leaves of partially defoliated and intact 
plants received 26 long photoperiods. 





Fig. 2. Flower stalk formation resulted when Nobel spinach plants were defoliated 
to one and three lea\es and given a long, 24 hour photoperiod treatment (left plants of 
each pair). When corresponding numbers of leaves of intact plants were given long pho¬ 
toperiod treatments (right plants of each pair), those with one leaf exposed to the long 
photoperiod failed to form floral primordia. Those with three leaves exposed formed 
floral primordia but no flower stalks during the experimental period. 

Discussion 

The results secured indicate that the bud of Nobel spinach is relatively 
insensitive to photoperiod and that the phasic development of the bud is 
controlled principally by reactions in the leaf. Unlike Biloxi soybean (1) 
and Xanthium (3), one leaf of a normal intact plant exposed to a favorable 
photoperiod was not sufficient to cause flower bud initiation if the remainder 
of the plant was given a short photoperiod. One leaf, however, was suffi¬ 
cient in the absence of leaves in an unfavorable photoperiod, indicating that 
leaves in an unfavorable photoperiod exert an inhibiting influence on flower 
bud initiation and development. Even if three leaves, which approximated 
one-third of the leaves of the plant at the beginning of the treatment, were 
exposed to a long photoperiod treatment, the remainder of the leaves kept in 
an unfavorable photoperiod exerted an inhibiting influence on the expression 
of the flower forming stimulus initiated in those leaves which were in a long 
photoperiod. 
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Conclusions 

1. The initiation of flower buds in Nobel spinach is controlled by the leaf 
and the bud is relatively insensitive to photoperiod. 

2. Leaves kept in an unfavorable short photoperiod exert an inhibiting 
influence on flower bud initiation and development in Nobel spinach. 
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THE AMERICAN MISTLETOE WITH RESPECT TO 
CHLOROPHYLL AND PHOTOSYNTHESIS 1 


R. O. Freeland 
(with one figure) 

Introduction 

In numerous botanical texts one may find a paragraph or so devoted 
to mistletoe. The context is very much the same whether the books are of 
old or recent vintage. The authors usually state, among other things, that 
mistletoe is parasitic upon the host plant for water and minerals but may 
be only partially parasitic with respect to food since it contains an abundance 
of chlorophyll and can make its own food. 

It is obvious that American mistletoe, Phoradendron flavescens, is at¬ 
tached to the host and that it contains green plastids. Heinricher (2) 
found that the green pigment did not develop in mistletoe in the absence of 
light. But the author has never seen any published evidence that this 
group of plants can carry on photosynthesis or that the green pigment is 
chlorophyll. It is felt that the data included in this paper might help 
to substitute facts for speculation. It is also hoped that someone living 
in an area where mistletoe is common may follow up this work with ringing, 
dark-box, and other experiments which may clarify the problem of relative 
dependence or independence of mistletoe with respect to the host plant. 

Green pigments 

In the preparation of the leaves of mistletoe for extraction they were 
first dried at 80° C. and then powdered. The pigments were dissolved 
from 5 gm. of the leaf powder with warm 95 per cent, ethyl alcohol. The 
alcohol plus the pigments was then diluted to 82 per cent, with water. To 
this latter solution 200 ml. of petroleum ether were added. After being 
shaken the green pigments largely separated with the petroleum ether layer. 
Then to this ether fraction with the green pigments an equal volume of 92 
per cent, methyl alcohol was added. After being shaken together these two 
solvents separated into two layers, each containing a fraction of the green 
pigments. 

Each of the two solutions obtained was quite green in transmitted light 
and showed red fluorescence in reflected light. By trial it was found 
that one-half centimeter depths of each solution gave the most distinct dif¬ 
ferences in light absorption. So using this depth of solution and solvent, 
respectively, the extinction coefficients of each of these fractions were 
determined at short intervals in the visible portion of the spectrum. The 
results are recorded in table I and figure 1. 

i Paper from the Department of Botany, Northwestern University. 
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TABLE I 


Extinction coefficients (negative logarithm of the percentage of light transmis¬ 
sion) FOR SOLUTIONS OF GREEN PIGMENTS OF AMERICAN MISTLETOE LEAVES. 

(A) The petroleum ether fraction; (B) the methyl 
alcohol fraction 


Spectrum 

Extinction coefficient 

Spectrum 

Extinction coefficient 

A 

B 

A 

B 




mu 



440 

1.28 

2.42 

590 


0.27 

450 

1.24 

1.90 

600 


0.43 

460 

1.20 

1.95 

610 


0.40 

470 

1.12 

1.95 

620 


0.40 

475 


1.61 

625 


0.50 

480 

0.69 

1.12 

630 


0.58 

485 


0.65 

635 



490 

0.34 

0.39 

640 

1.22 

1.04 

495 


0.27 

- 645 


1.33 

500 

0.19 

0.19 

JJ50 

1.70 

1.40 

510 

0.09 

0.15 

* 655 

1.11 

1.18 

520 

0.09 

0.10 

m j<3o 

0.52 

0.83 

530 

0.13 

0.14 

670 

0.12 

0.14 

540 

0.08 

0.13 

680 

0.05 

0.12 

550 

0.02 

0.14 

690 

0.02 

0.03 

560 

0.12 

0.12 

700 

0.07 

0.06 

570 

0.11 

0.21 

710 

0.07 

0.03 

580 

0.18 

0.23 

720 

0.07 

0.03 



Fig. 1. Curves for light absorption for solutions of the green pigments of American 
mistletoe leaves. A, petrdleum ether fraction; B, methyl alcohol fraction. Extinction 
coefficient-values on the ordinate. Wave length of light in mp on the abscissa. From 
data in table I. 
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From what is known of the relative solubility of the chlorophylls, 
chlorophyll a, if present, should be in the petroleum ether fraction and 
chlorophyll b in the methyl alcohol. From the tabulated results it is clear 
that the green pigments in the methyl alcohol gave strong absorption bands 
at 440-445 and 645-655 mp with lesser ones at 530 and 600-620 mp; whereas 
the principal absorption bands for the pigments in the petroleum ether frac¬ 
tion were at 440-470 and 640-655 with lesser ones at 530, 560, and 600 mp. 
The absorption bands for the two solutions are somewhat similar (fig. 1), 
except that the principal bands for the petroleum ether fraction are shifted 
toward the red end of the spectrum as compared with the methyl alcohol 
fraction. 

A comparison of these results with the known absorption bands for 
chlorophyll leads the writer to conclude that chlorophyll a and chlorophyll 
b were present in the petroleum ether and methyl alcohol, respectively. 

Photosynthesis 

Determinations of carbon dioxide used or produced by mistletoe were 
made during the months of March, April, July, and August. Short sec- 

TABLE II 

Data relative to the rates of photosynthesis in the American mistletoe, based 
UPON THE AMOUNT OF CO* USED. FROM 25 TO 50 CC. OF MISTLETOE 
WERE USED IN EACH EXPERIMENT 


Trial 

Temperature 

Time 

Carbon dioxide consumption* 

Apparent 

Calculated 

total 


C.° 

hr. 

mg. 

mg. 

1 

29-33 

2.5 

0.0 

1.8 

2 

32-37 

3.0 

1.5 

4.5 

3 

29-33 

2.5 

5.0 

6.8 

4 

33-38 

3.0 

4.0 

7.0 

5 

25-37 

3.0 

0.0 

2.0 

6 

36-35 

3.5 

0.0 

3.3 


* Milligrams CO a per 10 ml. mistletoe per hour. 


tions of the host tree branches were sawed off, leaving the clumps of mistle¬ 
toe intact. The amputated stems were submerged in water with the parasitic 
plants in the air. Under these conditions the plants were kept in the green¬ 
house and showed no signs of deterioration in the few days while they were 
being used. During the experiments the plants were inclosed in bell jars, 
through which a continuous flow of air passed, before going through absorp¬ 
tion towers containing potassium hydroxide solution after the manner of 
Heinicke and Hoffman (1). Thus changes in carbon dioxide were mea¬ 
sured under the conditions of light and temperature incident in the green¬ 
house and then with the belljar covered with a light-proof hood. These 
latter measurements of respiration were considered advisable because of the 
rather large bulk of host stem in the experimental chambers. Although 
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the rates of respiration were probably not the same in the light and dark, 
the amount of apparent photosynthesis was corrected for these rates of 
respiration in an attempt to find the approximate total photosynthesis. The 
rates were all calculated on the basis of the total volume of leaves plus stems 
of mistletoe, since both are green. Obviously the values would be larger if 
only the leaves had been used as a basis for calculation. 

Many determinations were made under different light intensities and 
temperatures such as normally occur from day to day in a greenhouse. The 
results of a few of these separate trials are given in table II. It will be 
noted that the values for apparent photosynthesis vary from zero to positive. 
Some of the low values for apparent photosynthesis were undoubtedly due 
to the large amount of respiration found for the section of host stem and 
mistletoe plants. The approximate total photosynthesis (apparent photo¬ 
synthesis corrected for respiration) was always positive; therefore, the data 
indicate that this species of mistletoe can and does carry on photosynthesis. 

Summary 

1. The American mistletoe, Phoradendron flavescens, was examined with 
respect to the identification of the green pigments and possible photo¬ 
synthesis. 

2. Extinction coefficients for the green pigments indicate the presence 
of chlorophylls a and b. 

3. Photosynthesis was found to occur in this species of mistletoe. 

Northwestern University 

Evanston, Illinois 
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CHLOROSIS IN SUDAN GRASS 1 

F. L. Wynd 

Introduction 

Sudan grass is one of the most important forage crops in the Rio Grande 
Valley, Texas. Growth is luxuriant and rapid, and the high yields suggest 
that the nutrients in the soil are eminently satisfactory for the growth of 
this species. Repeated cuttings may be made, often at intervals as short as 
8 to 10 days, until 3 to 10 crops have been harvested. The leaves from the 
latter crops, however, become progressively more chlorotic until they become 
almost devoid of chlorophyll. Sometimes chlorosis appears in the second 
cutting, in which case the plants rarely survive more than 3 harvests. Other 
plantings do not become chlorotic until the third or even the fourth harvest, 
and in these instances the plants survive for a longer period. This chlorosis 
is one of the most serious diseases of Sudan grass in this area, and it often 
becomes a limiting factor in its production. For the past 3 years, the author 
has carried out field experiments in the vicinity of Elsa, Hidalgo County, 
Texas, in an effort to discover the cause of this nutritional disturbance. 
These experiments were designed particularly to test the validity of several 
^current theories concerning the causes of this disease. The study is in¬ 
complete, but the imminence of the writer’s induction into military service 
and the importance of the problem itself has induced him to publish 
a brief statement of the present status of the study in the hope that it will 
aid students of the general problem of nutritionally induced chlorosis. 

Experimentation 

Effect of soil reaction 

All of the soils of this area belong to the pedocal group. The pH values 
of water extracts vary from 7.2 to 8.2, depending on the amount and nature 
of the bicarbonate and carbonate salts present. This suggests that the 
alkalinity of the soil may cause chlorosis by rendering iron, and other trace 
elements, unavailable. The fact that the chlorosis of citrus trees in the area 
frequently disappears if the soil is treated with acidifying agents lends 
credence to this theory. Accordingly, field plots were treated with various 
amounts of ammonium sulphate, ammonium phosphate, and sulphur, and 
the results were observed over a period of 3 successive seasons. Although 
the pH of the upper layer of the soil was changed in degrees varying from 
8.2 to 3.5, no effect on the chlorosis of Sudan grass was observed. 

Effect of ferrous sulphate 

A set of plots were arranged adjacent to those described above and vari- 

i The expenses incurred in the present study were borne in part by a grant from the 
Cerophyll Laboratories, Tne., Kansas City, Missouri, to the Graduate School of the Uni¬ 
versity of Illinois. 
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ous amounts of ferrous sulphate were added in addition to the acidifying 
agents. Chemical analysis of the leaves showed that this caused an increased 
absorption of iron, but in no case was there any lessening of chlorosis. 

Effect of applying trace elements in sprays 

Dilute solutions of iron, manganese, copper, zinc, and boron were applied 
singly and in combination by a hand spray. Applications were made twice 
to each crop, but this did not prevent chlorosis. 

Effect of the calcareous layer in the profile 

It seems significant that the first crop produced is never chlorotic and it 
shows no sign of nutritional disturbance. This suggests that the roots are 
feeding in the upper, less calcareous layers during the early period of 
growth, but as the root system expands with age, they enter the lower, highly 
calcareous zone. The fact that the roots tend to follow the lowering zone 
adequately supplied with water tends to accentuate this downward pene¬ 
tration of those roots most active in absorption. Highly calcareous clay 
occurs at a depth of 24 to 36 inches in the soils which were included in the 
present study. This layer is rich in nutrient ions, but its high pH would 
seriously affect the availability of iron and other trace elements, hence the 
aerial growth produced during this period of growth might suffer from a 
lack of these substances. This theory was tested by carefully dissecting 
the soil profile at the time the first harvest was made, and before chlorosis had 
appeared. Even at this early age, when the plants showed no sign of nu¬ 
tritional disturbance, the roots had penetrated as deeply as 45 inches which 
was well into the layer of carbonate accumulation. 

Effect of calcareous clay 

The experiment described above is not conclusive, since significant ab¬ 
sorption undoubtedly occurred in the upper layers of the soil profile which 
were sometimes only slightly calcareous. A supply of highly calcareous clay 
from the lower levels of the profile was removed and mixed in various pro¬ 
portions with the top soil. In no case, did chlorosis appear earlier than in 
the plants growing in the undisturbed natural soil. 

Effect of repeated harvests in other areas 

It might be argued that the roots of Sudan grass are intrinsically unable 
to maintain a normal supply of nutrients to successive growths of tops. 
The roots and tops may become out of “balance” in some physiological re¬ 
lationship under the abnormal condition imposed by frequent removal of the 
tops. This theory was tested by growing Sudan grass near Midland, 
Douglas County, Kansas, on soils of varying base exchange capacity, and 
which contained various amounts of carbonates. Although some of these 
soils contained approximately the same amount of total replaceable bases as 
did the soils of Hidalgo County, Texas, and also sufficient carbonates to give 
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a soil reaction of pH = 8.0, the growth from successive cuttings did not 
become chlorotic. 

Effect of the soil itself 

The results of the experiments described above suggest that there is some 
nutritional phenomenon associated with the intrinsic nature of the soils of 
the Lower Rio Grande Valley that induces chlorosis of Sudan grass. This 
possibility was tested by transporting topsoil from 10 of the most important 
soil series of Hidalgo County to Urbana, Illinois, where pot studies were 
conducted in the greenhouse. Six successive cuttings were taken during the 
summer and early autumn of 1942, and in no instance did chlorosis appear! 

Discussion 

The experiments described in this paper indicate, superficially, that the 
climate, and not the nutritional aspects of the soils of southern Texas pro¬ 
duces chlorosis in the later cuttings of Sudan grass. Although the various 
aspects of climate undoubtedly affect the physiology of absorption, it seems 
more reasonable to suppose that climate is secondary to the effect of some, as 
yet unrecognized, aspect of the nutritional environment presented by the 
soil in producing the chlorosis described. There is no evidence at the present 
time concerning these causative factors. 

Conclusions 

Although Sudan grass grows luxuriantly in southern Texas, successive 
cuttings become progressively chlorotic. The plants finally become so devoid 
of chlorophyll that further growth is impossible. This condition is not due 
to the pH of the soil, to the availability of trace elements, to calcareous layers 
in the soil, nor to any intrinsic inability of the root to support continued 
vegetative growth. Climatic factors may prevent the appearance of chloro¬ 
sis, although it is probable that climatic effects are secondary to some un¬ 
known nutritional property of the soil profile. 

Department or Botany 

The Univfrsity of Illinois 
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E»*YM1 ACTION DOMINATED BY ASSOCIATED COLLOIDS 

H. C. Eystbr 

Recently Eyster (1) showed that the adsorptive capacity of finely 
ground activated charcoal for methylene blue was reduced by ether, chloro¬ 
form, sodium barbital, sulfanilamide, and saponin as well as by ethyl alco¬ 
hol. This research was promoted by Johnson, Brown and Marsland (3) 
who reported that luminous bacteria were partly or totally “blacked out” 
by the application of narcotics. In addition, Eyster investigated the 
action of diastase on soluble starch and found that it, too, was reduced by the 
same narcotics. It was assumed that the narcotics decreased the adsorp¬ 
tive capacity of the enzyme for the substratum in a manner similar to the 
effect of narcotics on activated charcoal. The logical conclusion was that 
the results supported the argument that enzyme action is fundamentally 
adsorptive. This would then mean that the effect of narcotics on luminous 
bacteria was simply a reduction in the adsorptive capacity of the enzyme, 
luciferase. 

Subsequently, Geiger (2) cast doubt on the validity of those experi¬ 
ments for satisfactorily explaining the mechanism of narcosis of luminous 
bacteria. He based his opinion on the fact that “narcotics which retard 
the action of isolated diastatic ferment markedly increase the diastatic ac¬ 
tivity of liver cells.” This instigated an investigation to bring about a 
correlation of these two apparently conflicting sets of observations. 

The experiment described in table I was performed. In every case 
50 ml. of 1 per cent, soluble starch, 5 ml. of a 1 per cent, diastase solution, 
and enough narcotic to give the stated concentration were diluted to 100 
ml. with distilled water. The concentration for each narcotic was based 
an the final solution volume of 100 ml. The charcoal was kept dry and 
carbon-dioxide-free in a desiccator with CaCl 2 near the top and KOH on the 
bottom. The temperature of the digestive mixtures was kept at approxi¬ 
mately 25° C. 

As the table readily shows, ethyl alcohol, ether, and chloroform de¬ 
creased the digestive action of diastase on soluble starch when the diastase 
was not associated with charcoal. When associated with charcoal, how¬ 
ever, the digestive action was increased as reported for the liver cells. It 
appears that the charcoal adsorbs the enzyme and prevents it from acting 
freely on the soluble starch. It also appears that the narcotics, being more 
drastic in their effect on the adsorptive capacity of charcoal than on the 
adsorptive capacity of enzymes, release the enzyme from the charcoal par¬ 
ticles and give it greater freedom to digest the soluble starch. 

Sulfanilamide presented a different picture. While ethyl alcohol, ether, 
and chloroform markedly increased the activity of diastase when they were 
associated with 'finely ground charcoal, sulfanilamide did not alter it ap¬ 
preciably. The effect, if any, was a very slight increase in the rate of 
diastatic activity. This is commensurate with the effect of sulfanilamide 
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TABLE I 


The effect or soke narcotics on the digestive action of diastase 

IN PRESENCE OF CHARCOAL 


Narcotic, without charcoal 

Minimum time for soluble starch 
solution to be digested past the 

LAST IODINE STAINING STAGE 


min. 

Control (no narcotic added) . 

15 

Ethyl alcohol, 25 per cent. 

30 

Ether, 25 per cent. 

17 

Chloroform, 25 per cent... 

25 

Sulfanilamide, 0.2 per cent. 

19 

Narcotic, with 1 gm. charcoal 


Control (no narcotic added) . 

234 

Ethyl alcohol, 25 per cent. 

35 

Ether, 25 per cent. 

17 

Chloroform, 25 per cent. ... . 

53 

Sulfanilamide, 0.2 per cent. 
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on the action of diastase in the absence of charcoal; /. e., sulfanilamide re¬ 
duces diastatic activity very slightly as shown by Eysteb (11). The fact 
that sulfanilamide did not alter, or only slightly increased, the activity of 
enzymes adsorbed on charcoal may be another part of the reason why sulfa 
drugs are so effective in controlling bacterial diseases. 

These findings are intensely significant because they indicate that dia¬ 
stase in liver cells is adsorbed on eellular colloids such as proteins, and 
that all enzymes in whatever cell may be similarly associated with colloids. 
In a study of enzymes it is well to bear this in mind and to make our in¬ 
terpretations accordingly. The influence of a factor on isolated enzymes 
is not necessarily the same as that on enzymes in cells. The associated 
colloids dominate the action of enzymes, and factors of the environment 
may act chiefly in the liberation of enzymes from the associated colloids or 
vice versa in more completely adsorbing the enzymes on their associated 
colloidal substances. 

University of South Dakota 
Vermillion, Soutii Dakota 
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A POSSIBLE NON-ENZYMATIC MECHANISM OF CHANGES 
OCCURRING IN THE PECTIC SUBSTANCES 
AND OTHER POLYSACCHARIDES 
IN LIVING PLANTS 1 

Z . I. Kertesz 

It is usually assumed that enzymes are responsible for most chemical 
changes occurring in plant tissues. Yet, occasionally such reactions take 
place without the apparent presence of the corresponding enzymes. 

The ripening of many fruits, as apples (4), pears, peaches (1), and 
tomatoes (2), for instance, is closely associated with progressive transforma¬ 
tions of their pectic constituents. These reactions have been commonly 
assumed to be the results of enzymatic activity. Considerable effort to find 
the enzymes which cause the hydrolysis of polygalacturonic acid has failed 
(6), as has a more recent attempt to show their presence in apples (3). The 
purpose of this note is to suggest a non-enzymatic reaction which is likely 
to occur in plants and which may be responsible for some of the changes 
which occur in pectic substances as well as in other polysaccharides. 

It has been known for some time that strong oxidizing agents hydrolyze 
polysaccharides and transform the component sugars into the correspond¬ 
ing dicarboxylic acids. On the other hand, dilute hydrogen peroxide acts 
on starch to yield dextrins and maltose (5). This observation was recently 
reiterated by Robertson, Ropes, and Bauer (8) who state that both starch 
and pectin are degenerated by hydrogen peroxide in the presence of ascorbic 
acid. 

The effect of hydrogen peroxide on the pectic substances and the trans¬ 
formations which are caused will be dealt with elsewhere. Suffice it to say 
here that dilute solutions of hydrogen peroxide rapidly degenerate dissolved 
pectin even in the absence of ascorbic acid. The pectin loses its typical 
colloidal properties, becomes soluble in 70 per cent, alcohol and is trans¬ 
formed into a material which may not be classified any longer as a pectic 
substance. It is likely that this reaction with hydrogen peroxide is not 
typical for pectin and starch alone but that it will also be observed with 
other polysaccharides. 

It is suggested that some of the changes in the polysaccharides and pectic 
constituents of plants in situ may be the result of the action of peroxides on 
these substances. The presence of peroxides in plants has never been con¬ 
clusively demonstrated. It has been shown, however, that a number of 
dehydrogenase systems are capable of forming hydrogen peroxide in vitro , 
at least, and that many reactions occur in plants which necessitate the as¬ 
sumption of the presence of peroxides in the tissue. It has been often sug¬ 
gested that hydrogen peroxide or organic peroxides are cell constituents 
and that their absence, as shown by chemical tests, is only indicative of their 
transient character. 

i Journal Paper no. 534, New York State Agricultural Experiment Station, Geneva, 
N. Y. Approved for publication on November 16, 1942. 
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Now, if peroxides are present in the plant tissue, it may well be that 
one of their functions is the degeneration and decomposition of starch and 
pectin. This reaction may also be responsible for the transformation of 
protopectin into soluble pectin (pectinic acid). It is likely that protopectin 
is but a pectinic acid of much higher molecular or micellar weight (7). Its 
transformation into soluble pectin would be essentially the same reaction as 
the subsequent degradation of pectin (pectinic acid) into d-galacturonic 
acid. Thus the effect of peroxide may, theoretically at least, replace the 
function of both protopectinase and pectinase (pectin-polygalacturonase). 

If hydrogen peroxide or organic peroxides can be shown to be perform¬ 
ing transformations of polysaccharides in plants, this would open up further 
avenues of speculation concerning the interrelation between oxido-reduction 
reactions and carbohydrate changes. It is of special interest to note in this 
connection that hydrogen peroxide apparently occurs among the reaction 
products during the non-enzymatic decomposition of ascorbic acid (9). 
Division of Chemistry 

New York State Agricultural Experiment Station 
Geneva, New York 

LITERATURE CITED 

1. Appleman, C. 0., and Conrad, C. M. Pectic constituents of peaches and 

their relation to softening of the fruit. Maryland Agr. Exp. Sta. 
Bull. 283. 1926. 

2. -, and-. The pectic constituents of tomatoes 

and their relation to the canned product. Maryland Agr. Exp. 
Sta. Bull. 291. 1927. 

3. Beattie, H. G., Pederson, C. S., and Kertesz, Z. I. Unpublished data. 

4. Branfoot, M. H. (M. H. Carr£). A critical and historical study of the 

pectic substances of plants. (British) Food Investigation Board, 
Special report no. 33, 1929. 

5. Gerber, C. Saccharification of starch by hydrogen peroxide. Compt. 

Rend. Acad. Sci. (Paris) 154: 1543-1545. 1912. Chem. Abstr. 

7:91. 1913. 

6. Kertesz, Z. I. Pectic enzymes. II. Pectic enzymes of tomatoes. Food 

Res. 3: 481-487. 1938. 

7. -, Note on the nature of protopectin and the interrelation 

of pectic substances. Paper given at the Memphis, Tennessee 
meeting Amer. Chem. Soc. April 23, 1942. (Unpublished.) 

8. Robertson, W. R., Ropes, M. W., and Bauer, Walter. The degrada¬ 

tion of mucins and polysaccharides by ascorbic acid and hydrogen 
peroxide. Biochem. Jour. 35: 903-908. 1941. 

9. Steinman, H. G., and Dawson, C. R. On the mechanism of the ascorbic 

acid-ascorbic acid oxidase reaction. Jour. Amer. Chem. Soc. 64 : 
1212-1219. 1942. 



310 


PLANT PHYSIOLOGY 


AN AIR PUMP OF LOW CAPACITY 1 

Earl B. Working 

(with two figures) 

For a study of the respiration and heat production of wheat it was desired 
to draw a slow stream of air through the grain over long periods of time. 
Too rapid aspiration greatly increased the difficulty of holding the moisture 
content of the grain constant, but at slow rates, needle valves or rubber 
tubing constricted with screw clamps were difficult to adjust accurately and 
were likely to clog up during the night and void the experiment. 



|--3 — 


Fig. 1. Air pump drilled from aluminum alloy. 

An adjustable pump of low capacity seemed to offer the best solution. 
It was decided to use mercury valves, since very little leakage or sticking 
in other types of valves might cause complete failure to pump. It was be¬ 
lieved that a mercury piston would remove the possibility of leakage at that 
point, 

1 Contribution no. 93 Department of Milling Industry. 
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In the lubrication of motorcycle motors the principle has been used that 
the output of a pump can be varied continuously from zero to maximum 
without change of the rate or length of stroke, if the position of the piston 
is adjustable so that any desired portion of the stroke may occur before the 
piston reaches the inlet port, and the inlet valve consists only of the closing 
of the inlet port by the passage of the piston. This principle of adjustment 
is especially easy to apply to a mercury piston. 



The first of these pumps was drilled out of a bar of hard aluminum alloy, 
1 x 3 x 5J inches, as shown in figure 1, because it was to be used in a location 
where there was serious danger of breakage of a glass pump. The connec¬ 
tions, F, F, F, between the vertical bores, D, B, E, and C, were made by 
drilling in from the side, and closing the holes with $-inch iron pipe plugs, 
such as were also used at J, J. Because of space limitations, a special plug, 
K, was made from i-inch rod to close the upper end of bore E. 

For operation, bore A is filled with mercury to a level immediately below 
the opening of B into D, and barely enough mercury is put into C to fill bore 
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E when there is sufficient suction on that side. The steel plunger, I, is adjust¬ 
able vertically in clamp L so that at the bottom of its stroke it may displace 
any amount from zero to nearly all of the mercury in the reservoir A. As 
this mercury is displaced, it rises in B, first closing the inlet valve from D, 
and then forming the piston of the pump, forcing air from B through the 
small amount of mercury forming a seal at the bottom of C. On the return 
stroke, however, this seal will withstand a suction of about 2£ inches of 
mercury because of the small volume of bore E. Thus the suction or pres¬ 
sure obtainable from such a pump is limited chiefly by the length of the small 
diameter drill available to cut D and E. 

Ordinarily it will be much easier to construct the pump of glass and 
rubber tubing as shown in figure 2. This also obviates the necessity of using 
guides and a connecting rod to get straight line reciprocating motion, since 
the reservoir A may simply be hung from a slowly-revolving crank. The 
output of the pump can then be varied from maximum to zero by raising the 
body of the pump to reduce the effective portion of the stroke. The dimen¬ 
sions of the pump may be chosen to suit individual requirements. A bore 
diameter of from 1 to 2 millimeters is suggested for D and E, and of from 
10 to 20 millimeters for B and C. The suction or pressure obtainable is lim¬ 
ited by the vertical height of the mercury column in E, and 10 to 15 centi¬ 
meters is suggested as sufficient in most cases. If the pump is operated 
against a pressure greater than this, as would occur if the inlet or exhaust 
were left closed off, the mercury may be blown out of capillary E, so the tube 
B is bent over at the top to form a trap so that the mercury will run back 
down into E when pressures are restored to normal. The pump would be 
slightly more efficient if the bend were made in the capillary E, so that the 
mercury piston could rise to the top of the larger diameter tube B, in which 
case it would be desirable to place a small trap near the top of E to prevent 
the loss of the mercury which forms the valve. 

Kansas Agricultural Experiment Station, 

Manhattan, Kansas 



NOTES 


Sectional News.—The editor wishes to remind the chairmen and secre¬ 
taries of all sections, both regional and local, that Plant Physiology desires 
to disseminate sectional news to the membership at large. It is necessary, 
however, that the news be sent in voluntarily, and in time for appropriate 
use. Announcements must be sent in long enough before the events to have 
them reach the members ahead of the events. Spring meetings cannot be 
announced any later than the April number; and copy must be in hand some 
weeks before the journal appears, or it cannot be used. Reports of meetings 
are desirable, but should be sent in promptly after the meetings, so that the 
reports are timely. It is not possible to write to the officers of sections for 
such information, and the journal will carry only such notices as are sent in 
early enough to meet the suggested timing. 

Manuscripts.—It seems desirable once more to call attention to the 
machinery set up for the handling of manuscripts offered to Plant Physi¬ 
ology. The editor-in-chief no longer circulates papers to the readers. That 
function is performed by the secretary of the editorial committee, Dr. 
Walter F. Loehwing, Department of Botany, The University of Iowa, Iowa 
City, Iowa. When papers are sent direct to Chicago, they do not receive 
attention for some weeks. There is no time for the readdressing and reship¬ 
ment of such manuscripts. They accumulate in a drawer until they get in 
the road; then they may receive attention, when a single trip will care for 
numbers of them. If authors wish prompt action on their papers, they can 
get it, by following the rules which are published on the third cover page of 
every number of the official journal. There is enough work on the actual 
editorial work that we cannot spend time on the manuscripts which are 
entered through improper channels. We want to be helpful, prompt, courte¬ 
ous to all; but we need the cooperation of all writers who desire to publish 
in Plant Physiology. Your journals can reach you more promptly if we 
do not have so many extraneous errands to run. 

Membership List.—The secretary is preparing a new membership list. 
It has always seemed to appear at the wrong time of year, so the editor wishes 
to make a suggestion. There is one period when the membership list is neces¬ 
sary to intelligent action; that is the period of nominations and election of 
officers. When the list appears after that period is past, it is out of date by 
the time another election comes round. Would it not be much better to pre¬ 
pare the membership list during the autumn, or late summer, and send it out 
either with the October or January number of Plant Physiology ? It would 
then be in hand for the intelligent selection of nominees, and the mailing 
with the journal should save some postage. Some other societies publish 
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their roster of members with their animal year-books. We could add the 
membership list following the index in the October number of Plant Physi¬ 
ology, and so provide a solution to a problem which has long wanted intelli¬ 
gent action. 

Enzymology. —The third volume of this series, Advances in Enzymology 
and Belated Subjects of Biochemistry , has been published by Interscience 
Publishers, Inc., 215 Fourth Ave., New York City. The series is edited by 
F. F. Nobd, of Fordham University, and C. H. Werkman, of Iowa State 
College. All plant physiologists will be grateful that it bears the portrait 
of Richard Willstatter as a frontispiece, in memory of this great biochem¬ 
ist who died in 1942 at the age of 70. There are eleven summaries of prog¬ 
ress in the field of enzyme chemistry. These are entitled as follows: Chro¬ 
mosomes and nucleoproteins, by A. E. Mirsky; effects of temperature on 
enzyme kinetics, by Irwin W. Sizer • x-rays and the stoichiometry of the pro¬ 
teins, by W. T. Asbury; the chemistry of glycogen, by Kurt H. Meyer; 
verdoperoxidase, by Kjell Agner; mechanisms of carbohydrate metabo¬ 
lism, by E. S. Guzman Barron; the intermediary stages in the biological 
oxidation of carbohydrate, by H. A. Krebs ; the chemistry and biochemistry 
of pantothenic acid, by Roger J. Williams ; the chemistry and biochemistry 
of biotin, by Klaus Hofmann ; recent progress in tumor enzymology, by Jesse 
P. Greenstein ; and the role of microorganisms and enzymes in wine making, 
by W. V. Cruess. 

The standing of the various writers in their field guarantees that the 
summaries of progress are well considered reports of the work recently 
accomplished in enzymology and closely related biochemical research. In 
addition, this volume has not only an author and subject index, but it con¬ 
tains a cumulative index for the three volumes which have thus far appeared 
in the enzymology series. This cumulative index is very short, but lists the 
main things, authors, and subjects in broad terms, so that all three volumes 
may be consulted quickly for any contributor’s review, and for the general 
subject. It makes use very easy. 

The publishers, contributors, and the editors deserve our thanks and 
congratulations that so much service can be rendered to their fellow workers 
during these troublous times. The price is only $5.50 per copy, which easily 
puts it in reach of all workers and libraries. It is highly commended, and 
will no doubt receive a hearty welcome from all workers in this field of 
investigation. 
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FOOD RESERVE DEPLETION AND SYNTHESIS IN FIELD BIND¬ 
WEED, CONVOLVULUS ABVENSIS L., AS RELATED TO 
7-DAY AND 14-DAY INTERVALS OF 
CULTIVATION 1 

John C. Frazier 

Introduction 

A study has been made of regenerated bindweed plants which developed 
following cultivation to a depth of 4 inches. It dealt primarily with the 
relative depletion of reserve foods by such a cultivation at 7-day and 14-day 
intervals as determined on plants grown under light-proof covers. Secon¬ 
darily it sought to obtain information indicating the extent of synthesis of 
readily available carbohydrates and protein nitrogen in plants in light dur¬ 
ing the first 8 days following emergence after such a cultivation. The term 
plant as used in this and in a previous study (4) includes the 4-inch rhizome 
(underground stem) which arises from each root severed at that depth by 
means of a cultivating instrument and the shoot, or shoots, borne on the 
same. 

A previous paper (4), based on the plant material used in this study, 
showed that on a dry weight basis such bindweed plants, grown in the field 
under light-proof covers for 8 days after shoot emergence, had shoots that 
weighed twice as much as the 4 inches of rhizome, the development of which 
brought about emergence. Since all development of the covered plants 
must have come from stored food, it appeared logical to conclude that twice 
the amount of food reserves is required to form the shoots as to form the 4 
inches of rhizome. Other workers (3, 9) have demonstrated that reserve 
food depletion in the underground parts of field bindweed grown in full 
light in the field is continued for at least 8 days after emergence following 
cultivation. It would appear, therefore, that such plants continue to draw 
upon the food reserves in the underground parts for this period. 

This paper reports findings on the material used in an earlier study ( 4 ) 
in terms of the following components: Reducing sugars, total sugars, the 
starch-dextrin fraction, the computed readily available carbohydrate frac¬ 
tion, and the total nitrogen, protein nitrogen, and the computed “true” 
protein fractions. 

i Contribution no. 437, Department of Botany, Kansas Agricultural Experiment Sta¬ 
tion, Manhattan, Kansas. 
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Material and methods 

The dates on which the materia] was secured and its previous cultivation 
treatment are given in table I. Three areas within 8 miles of Manhattan 
having a loam soil type were used. Area A was a heavy loam, B, light, and 
C, intermediate in this respect. The precipitation data were given in a 
previous paper ( 4 ). The method of securing this material is repeated here. 
Typical bindweed shoots growing normally in the field were selected as they 
emerged 6 days after cultivation (to a depth of 4 inches) and immediately 
covered with an earthen jar of 1- to 2-gallon capacity. The same number 


TABLE I 

Summary of field data on regenerated plants of Convolvulus arvensis. 
Manhattan, Kansas, 1940-1941 


Area 

Date 

Number of 

CULTIVA¬ 

TIONS 

Number of 
plants 

OVEN-DRY WEIGHT OF PLANTS 

Covered 

Exposed 

1939 

1940 

fc 

I * 

18 

W M 

. w 

fc « 

^ o 

CO 

W 

m 

o 

B 

4-in. section 

OF RHIZOME 

Shoots 

Ratio 


1940 




gm. 

gm. 


gm. 

gm. 


A 

May 3-11 

None 

None 

50 

1.133 

3.511 


0.945 

7.142 


B 

Aug. 12-20 

12 

6 

40 

0.816 

1.062 


0.784 

2.330 


A 

Aug. 20-28 

None 

7 

35 

0.646 

1.407 


0.638 

3.966 


B 

Aug. 30-Sept. 7 

12 

7 

50 

0.590 

1.308 


0.588 

2.151 


A 

Oct. 5-14 

None 

10 

35 

0.301 

0.575 


0.324 

1.216 


B 

Oct. 28-Nov. 5 

12 

10 

35 

0.414 

0.580 


0.417 

0.750 1 






245 

3.900 

8.443 

2.16 

' 3.696 

17.555 

4.75 


1941 

1940 

1941 






i 


C 

April 14-22 

6* 

0 

35 

0.885 i 

1.656 


0.923 i 

3.526 


C 

June 27-July 5 

6* 

5 

45 

0.741 

2.496 


1.065 

7.407 


C 

July 11-19 

6* 

6 

65 

1.409 

4.424 


2.285 

15.433 






145 

3.035 

8.580 

2.83 

4.273 

■ 

26.366 

6.17 


* July 24 to Nov. 4, 1940. 


of similar shoots was selected and marked at the same time but was not 
covered. Eight days later both sets were harvested by severing the shoots 
at the ground and excavating the 4 inches of rhizome, the development of 
which had preceded emergence. Thus 4 inches of rhizome (underground 
part of the stem) and all the leafy shoot (aboveground stem with its leaves) 
were obtained. The shoots and 4-inch lengths of rhizomes of 245 covered 
plants and an equal number of plants exposed to sunlight were collected 
in 1940, and 145 from each situation in 1941. 

All plant material secured was killed by holding in a forced circulation 
electric oven at 105° C. for 20 minutes, following which it was dried 14 hours 
at 70° C. It was coarsely ground, reduced to 60-mesh size by means of a 
mortal and pestle and stored in sealed glass containers until analyzed. At 
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m 

& 

<1 

Eh 


(93*9 X N NiajiOHd) 
xiaxoaa ^anax,, 

mg. 

718.8 
2200.6 

667.5 
4355.6 

570.6 

2246.3 

758.8 

6426.3 

NaooaxiN Kiaxoad 

mg. 

115.0 

352.1 

3.06 

106.8 

696.9 

6.53 

91.3 

359.4 

3.94 

121.4 
1028.2 

8.47 

NaooaxiK xiaxoad 

% 

2.95 

4.17 

2.89 
3.97 

3.01 

4.19 

2.84 

3.90 

NaOOSXIN TVXOJ, 

mg. 

144.6 

423.0 

. 

134.5 

856.6 

115.0 

436.6 

153.0 

1241.8 

xaooaxiN tvxoj, 

% 

3.71 
5.01 

i 

3.64 

4.88 

3.79 

5.09 

3.58 

4.71 

NOIXOVHa 

axvaaiHoaavo 
aaavaivAv A'liava*! 

mg. 

421.4 
530.3 

1.26 i 

i 

358.5 

1729.1 

4.82 

317.1 

559.2 

1.76 

448.7 

2573.2 

5.73 

noixovaa 

axvaaAHoaavD 
aaavrtivAv jLnavs$[ 

% 1 

' 

10.81 , 
6.28 

i 

1 

9.70 
9.85 : 

1 

10.45 

6.52 

10.50 ' 

9.76 ; 

NOIXOVHa 
Nraxxaa- hoh vxs 

% 

4.75 

3.98 

4.28 

6.31 

4.44 

3.88 

4.41 

6.44* 

Savons avxox 

% 

^ 6.06 
2.30 

j 

! 5.42 

3.54 

6.01 

2.64 

6.09 

3.32 

Hvons ONionaaa 

% 

1.89 

0.82 

2.30 

0.64 

1.80 

1.07 

1.80 

0.33 

awozma ao noix 

‘OaS ’Nl-f' HO XOOHS 

ao *xal iaa-NaAO 

gm. 

3.898 

8.444 

2.17 

3.696 

17.554 

4.75 

3.034 

8.577 

2.83 

4.273 
. 26.365 

6.17 

SXXVTd 

ao naaKnjsj 

245 

245 

145 

145 

Material 

ANALYZED 

1940 

Covered plants. 

Rhizomes . 

Shoots . 

Batio . 

Exposed plants. 

Rhizomes . 

Shoots . 

Batio. 

1941 

Covered plants. 

Rhizomes . 

Shoots. 

Batio. 

Exposed plants. 

Rhizomes .. 

Shoots... 

Batio .. 
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this time it was redried at 105° C., and 2-gram samples for the carbohydrate 
studies and 0.5-gram samples for the nitrogen studies were weighed out. 

The carbohydrate analyses were made essentially as reported by Frazier 
(5) except that a 2-gram sample was used and the starch-dextrin fraction 
was hydrolyzed for an hour at 120° C. in an autoclave. The total nitrogen 
and protein nitrogen analyses were made as reported by Miller (8). These 
did not include inorganic nitrogen, since the dipheiivlamine test showed 
this to be unnecessary. The “true” protein component was obtained by 
multiplying the protein nitrogen component by the factor 6.25. 

Results 

The analytical results are given in table II. These are reported as per¬ 
centages (on a dry weight basis), or milligrams, or both, of the reducing 

TABLE III 

Readily available carbohydrates \nd protein nitrogen th vt would be withdrawn 

FROM THE UNDERGROUND PARTS OF COVERED BINDWEED PL\NTK WITH 1 CULTIVATION 
AT THE END OF 14 DAYS COMPARED WITH 2 CULTIVATIONS AT 7 DAY 
INTERVALS. MANHATTAN, KANSAS, 1940-1941 



1940 

| 245 PLANTS 

1941 

j 145 PLANTS 

Culture 

Readily 

AVAILABLE 

CARBO 

HYDRATES 

Protein 

NITROGEN 

Readily 1 
AVAILABLE 

CARBO 

HYDRATES 

Protein 

nitrogen 

2 cultivations, i.e ., two sets of 
rhizomes destroyed* 

843 mg. 

230 mg. 

634 mg. 

183 mg. 

1 cultivation, i.e., one set of 
rhizomes + 1 set of shoots 
destroyed 

932 mg. 

467 mg. 

876 mg. 

451 mg. 

Ratio 

1.13 

2.03 

1.38 

2.46 

Excess of withdrawal in favor 
of 1 cultivation 

13% 

103% | 

38% 

146% 


* Cultivation every 7th day permitted no shoot development. 


sugars, total sugars, starch-dextrins, readily available carbohydrates, total 
nitrogen, protein nitrogen and “true” protein in the known weight of a 
known number of rhizomes and shoots grown under cover and an equal num¬ 
ber grown in full light. 

In 1940 the shoots of the covered plants contained 1.26 times as much 
readily available carbohydrates and 3.06 times as much protein nitrogen 
as the rhizomes of those plants. In 1941 the corresponding ratios were 1.76 
and 3.94. For the exposed plants these ratios were 4.82 and 6.53 in 1940 
and 5.73 and 8.47 in 1941, respectively. 

The relative depletion of food reserves (carbohydrates and nitrogen), 
supplied by the underground parts of the plant, by cultivation every 7th 
day as compared with cultivation every 14th day, was calculated for the 
covered plants. These calculations were made by adding the weight of the 
readily available carbohydrates or the protein nitrogen found in the rhizome 
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to the weight of that component found in the shoot (since both would be 
destroyed by cultivation on the 14th day) and comparing the sum with 
twice the weight of that found in the rhizome, as two sets of rhizomes, but 
no shoots, would be destroyed by cultivating at 7-day intervals. The data 
obtained by these calculations are given in table III. The depletion of 
readily available carbohydrates was 13 per cent, greater in 1940, and 38 per 
cent, greater in 1941; and for protein nitrogen the depletion was 103 per 
cent, greater in 1940, and 146 per cent, greater in 1941 when the one culti- 

TABLE IV 

Comparison or readil\ available carbohydrates, protein nitrogen, and “true” 

PROTEIN IN THE RHIZOMES AND SHOOTS OF PLANTS COVERED AND IN LIGHT. 

Manhattan, Kansas, 1940-1941 



1940 

245 PLANTS 


1941 

145 PLANTS 


Material 

ANALYZED 

Rfadily 

AVAILABLE 

CARBO 

HYDRATES 

Protein 

nitrogen 

“Trie” 

PROTEIN 

Readily 

AVAILABLE 

CARBO 

HYDRATES 

Protein 

NITROGEN 

1 ‘ True’’ 

PROTEIN 

Rhizomes 

mg. 

mg. 

mg. 

i mg. 1 

mg. 

j mg. 

Exposed plants 

1 359 

107 

668 

1 449 

1 121 

759 

Covered plants 

i 421 

115 

719 

1 317 

91 

571 







Difference 
Difference per 

1 -62 

-8 

-51 

132 

30 

388 

plant 

Shoots 

- 0.25 

-0.03 

- 0.21 

0.91 

0.21 

1.30 

Exposed plants 

1729 

697 

4356 

2573 

1028 

6426 

Covered plants 

530 

352 

2201 

559 

359 

2246 

Difference 
Difference per 

1199 

345 

2155 

2014 

669 

4180 

plant 

Total difference per 
plant (rhizome 

4.89 

1.41 

8.80 

13.89 

4.61 

28.83 

plus shoots) 

4.64 

1.38 

8.59 

14.80 

4.82 

30.13 


vation was made on the 14tli day. In addition such a procedure involved 
but half the labor. 

Based upon the assumption that the rate and extent of reserves supplied 
by the underground parts were the same for plants in light as for covered 
plants, calculations were made to compare the average gain in readily avail¬ 
able carbohydrates and protein nitrogen for the shoots and rhizomes dur¬ 
ing the 8-day period following emergence. These data are given in table IV. 
They show that the average total increase of readily available carbohydrates 
in the plant (rhizome plus shoots), in light as compared with those covered, 
for this 8-day period was 4.64 mg. in the 245 plants studied in 1940, and 
14.80 mg. in the 145 plants in the 1941 studies. These amounts apparently 
represent the average synthesis of this fraction per plant during this 8-day 
interval. This amounts to an average daily gain of 0.6 mg. in the plants 
studied in 1940, and 1.8 mg. in those studied in 1941; however, this average 
daily gain is given for comparative purposes only, as probably most of it 
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accumulated the last 2 or 3 days of this 8-day period, Le., after the shoot had 
established its green surfaces. 

The total nitrogen accumulation represents inorganic nitrogen which 
had been utilized in the formation of organic nitrogenous compounds, par¬ 
ticularly proteins, plus that which entered the plant parts studied because 
of the inorganic nitrogen in those parts being so utilized. 

The data of table IV show that the average total increase of protein 
nitrogen in the rhizome plus shoot, in light, for this 8-day period was 1.38 
mg. in the 245 plants used in 1940, and 4.82 mg. in the 145 plants studied 
in 1941. The calculated average daily increase per plant was 0.17 mg. in 
1940, and 0.6 mg. in 1941. 

Another possible explanation of the greater amount of reserves in plants 
growing in light is that part or all was obtained from root reserves. Addi¬ 
tional studies are contemplated in which a 4- to 6-inch section of the roots 
which bear the rhizomes will be obtained in addition to the rhizomes and 
shoots of plants growing in light and under light-proof covers. If no ap¬ 
preciable difference is found in the reserve content of these roots, definite 
evidence will have been obtained that the difference in reserves in rhizomes 
plus shoots growing in light and under light-proof covers is the result of 
photosynthesis occurring in those in light. 

Discussion 

Successful control of noxious perennial weeds has long been based upon 
the suppression of shoot growth in order that the underground parts be 
depleted of their food reserves. In recent years it has been recognized that 
shoots may emerge and grow for several days before returning food reserves 
to the underground parts (3, 7, 9,11). Timmons (10) reported that in most 
cases the decrease in reserves was more rapid for several days after than 
prior to emergence of the bindweed following cultivation. 

The 8-day interval following emergence, used in this study, added to the 
6 days commonly required under average growing conditions to bring 
about emergence, when cultivations are made to a depth of 4 inches, gives 
the 14-day cultivation interval recommended for bindweed control in 
Kansas ( 6 ). 

The term “readily available carbohydrates’’ as commonly understood 
includes the total sugars and the starch-dextrin fraction. Recent work 
(1, 3, 10, 11) indicates that this composite fraction is the most meaningful 
one in the carbohydrate economy of the plant. It is generally agreed that 
all portions of this fraction (freed of gums by clearing) are readily utilized 
as food reserves by the plant if, as Bakke et al. (1) stated, depletion can be 
taken as a measure of utilization. 

The differences noted in the food reserve relations between the two grow¬ 
ing seasons is -believed due in part to the more vigorous shoot growth found 
in the patch studied in 1941 plus the fact that two of the three studies made 
that year were at the time of marked growth, while only one of the six studies 
made in 1940 was during the more vigorous early spring growth. 
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Possibly the rhizomes secured in this experiment were different in their 
food reserve relations than had they been taken at the time of their emer¬ 
gence. To ascertain if such is the case, 25 rhizomes were taken at each of 
the 3 periods (table I) of sampling in 1941 or a total of 75. These weighed 
1.209 gm. of which 144.96 mg., or 11.99 per cent., consisted of readily avail¬ 
able carbohydrates. This is an average of 1.93 mg. per rhizome. This does 
not seem significantly different from the 1.89 mg. average weight found in 
the 390 rhizomes (1940-1941) grown under cover which is the group with 
which this comparison should be made. No comparable study was made for 
the nitrogenous fractions. 

The percentages of the carbohydrate fractions may appear low but the 
bindweed being studied was subjected to cultivation at 14-day intervals. 
They are in general agreement with findings on bindweed subjected to such 
treatment in Colorado (2). The specific cultivation treatment given the 
plants reported in this study is to be found in table I. 

Studies on the nitrogenous fractions have been reported by other workers 
(1, 3, 7, 10). There is general agreement that the role played by these frac¬ 
tions is not well understood at present. Bakke ct ah (1) reported that both 
colloidal and noncolloidal nitrogen were reduced in plants grown on fallowed 
land. Barr (3), however, found that the soluble-nitrogen content remained 
about the same in either cultivated or undisturbed bindweed roots, while 
cultivation reduced the colloidal- or protein-nitrogen content, although fre¬ 
quency of cultivation appeared to have no material effect. These investiga¬ 
tors (1, 3) used a different reagent for fractionation, hence no direct com¬ 
parison can be made with the work reported herein. Barr (3) reasoned 
that such a shift with the soluble nitrogen materials going into the develop¬ 
ing shoot would account for the rapid reduction he observed in protein 
nitrogen after cultivation, a reduction which continued for at least 10 to 15 
days after cultivation. 

The present study indicates that there is a rapid accumulation of nitrog¬ 
enous materials in the rhizomes and shoots once they start developing and 
that a large proportion, approximately 80 per cent., is present as protein 
nitrogen. Because of the method of calculation the trends of “ true’’ pro¬ 
teins paralleled those obtained for protein nitrogen. 

Summary 

1. Regenerated bindweed plants which developed following cultivation 
to a depth of 4 inches were studied. These consisted of the 4-inch section 
of rhizome which arose from roots severed at that depth and the shoot, or 
shoots, borne on that rhizome. 

2. Comparable numbers of such regenerated plants were studied after 
8 days of shoot development under normal sunlight and under light-proof 
covers. 

3. The material was assembled into four composite samples, viz., rhizomes 
exposed, shoots exposed, rhizomes covered, and shoots covered, for each year 
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of the study. These were analyzed for various carbohydrate and nitrogen 
fractions. The data are reported as percentages (on a dry-weight basis) or 
milligrams, or both, of the reducing sugars, total sugars, starch dextrins, 
readily available carbohydrates, total nitrogen, protein nitrogen, and 
“true” protein. 

4. The relative amounts of the two fractions (the readily available carbo¬ 
hydrates and the protein nitrogen) in the two parts, rhizomes and shoots of 
plants grown under each light condition, covered and exposed, were deter¬ 
mined for the two growing seasons. 

5. The relative depletion of food reserves, supplied by the underground 
parts of the plant, by cultivation every 7th day as compared with cultivation 
every 14th day, was calculated. From this it appears that cultivation every 
14 days would destroy a fifth more of the readily available carbohydrates 
and more than double the loss of protein nitrogen in the two parts as com¬ 
pared with two cultivations at intervals of 7 days in the same unit of time. 

6. Synthesis by the plants growing in light is considered to account for 
the higher reserves of those plants. Based upon the assumption that the 
rate and extent of reserves supplied by the underground parts were the same 
for plants in light as for covered plants, data are presented showing the 
average gain per plant of readily available carbohydrates and of protein 
nitrogen for the 8-dav period of shoot development following emergence and 
the average gain of these fractions per plant per day for the two growing 
seasons. 

Kansas State College 
Manhattan, Kansas 
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NUTRIENT DEFICIENCIES IN THE STRAWBERRY LEAF 

AND FRUIT 1 


B . A. Lineberry and Leland Burkhart 
(with seven figures) 

Introduction 

Previous investigational work on the nutrition on the strawberry has 
been concerned largely with the relationship of soil and fertilizer treatment 
to growth and yield (5). While these studies have increased greatly the 
knowledge of the fertilizer requirements of the strawberry, they did not 
describe the symptoms of mineral deficiencies nor show the mineral com¬ 
position of the plant and fruit. It would appear that foliar symptoms and 
mineral composition of the plant might be correlated with nutritional needs. 
In this connection the most notable contribution has been made by Davis, 
Hill, and Johnson (4). They found that foliar symptoms could be corre¬ 
lated with nutritional needs and that certain positive and negative correla¬ 
tions existed between pairs of elements in the ash of the plant. These 
relationships were established for the Parson Beauty variety grown under 
outdoor conditions in Canada. Water color illustrations of potassium-, 
phosphate-, and nitrogen-deficient strawberry leaves (variety not men¬ 
tioned) have been published by Davis and Hill (3). Hoaqland and Snyder 
( 6 ) have reported on the effects of potassium, phosphate, chloride, and boron 
on the growth of the strawberry plant in water cultures in California. 

The effect of certain mineral deficiencies on leaf characteristics and asso¬ 
ciated mineral composition of the foliage and fruit of the strawberry is 
reported herein. The Klondike and the Blakemore were used as these are 
the two leading commercial varieties grown in North Carolina. 

Materials and methods 

In this study, dormant plants of Blakemore and Klondike, with fruit 
>buds well formed, were removed from uniformly fertilized fields to the 
greenhouse early in January. The roots were washed free from soil, the 
old leaves were removed, and the plants were set in washed quartz sand in 
two-gallon glazed earthenware containers which were provided with drain¬ 
age. Two plants were set in each container and twenty plants of each 
variety were included in each treatment. The mineral content of dormant 
field-grown Klondike strawberry plants was determined at the beginning of 
the experiment. The composition of the respective nutrient solutions em¬ 
ployed is shown in table I. These solutions were buffered at pH 5.6 and were 
applied daily, .using the sand-culture technique. Preliminary studies of the 

i Contribution from the Department of Agronomy, N. C. Agricultural Experiment 
Station and Div. of Fruit and Vegetable Crops and Diseases, Bureau of Plant Industry, 
U. S. Dept, of Agriculture. Published with the approval of the Director as Paper no. 
150 of the Journal Series. 


324 



LINEBERRY AND BURKHART: NUTRIENT DEFICIENCIES 


325 


growth of strawberry plants in sand cultures indicated that the presence of 
chlorides in the nutrient solutions was objectionable except at very low con¬ 
centrations. High concentrations of sulphate ions also proved objectionable. 
The chloride ion was, therefore, omitted from all nutrient solutions and 
sulphate concentrations were kept low (table I). 

TABLE I 

Composition of nutrient solutions* 


Partial volume molecular concentration of salts 


Series 
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Complete 

0.004 

0.002 

0.002 






0.001 


Minus-Ca 


0.002 

0.002 



0.008 



0.001 


Minus-K 

0.004 


0.002 


0.002 




0.001 


Minus-Mg 

0.004 

0.002 





0.002 


0.001 


Minus-P 

0.004 


0.002 





0.007 

0.001 


Minus-8 

0.004 

0.002 







0.001 

0.002 

Minus-N 


0.002 

0.002 

0.004 








* Boron at the rate of 0.5 p.p.m. and manganese, iron, zinc, and copper at the rate 
of 0.25 p.p.m. were added to all nutrient solutions. 


The studies were made during the fruiting stage of development in 
January and February. Mature leaves showing deficiency symptoms were 
sampled for chemical analysis and ripe fruits from the plants receiving 
the various treatments were sampled at the time the leaf deficiency symptoms 
appeared. The fresh leaves and fruit were extracted and analyzed by the 
procedure described by Burkhart and Page (1). 


Results 

Nutrients in foliage and fruit 

At the beginning of the experiment, samples of dormant field-grown 
Klondike plants were taken for the determination of the soluble minerals 
present in the leaf blades, petioles, crowns, and roots (table II). In the 
dormant state, there was a considerable accumulation of potassium in the 
roots as compared with that in leaves and crowns Soluble calcium, mag- 

TABLE II 

Distribution of soluble minerals in dormant Klondike strawberry plants, 
constituents expressed as p.p.m. of the fresh tissue 



Ca 

K 

Mg 

PO. 

SO* 


p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

Leaf blades 

2325 

2750 

2625 

5000 

400 

Petioles 

550 

3750 

2000 

1500 

250 

Crowns 

200 

2250 

1000 

2000 

2500 

Boots 

1100 

4000 

1500 

1500 

2000 
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nesium, and phosphate were somewhat localized in the leaf blades. Petioles 
were low in soluble calcium and sulphate and the crowns were relatively 
very low in soluble calcium. 

After growing in sand culture for about two months, until they fruited 
and deficiency symptoms were apparent, determinations were made of the 
soluble-nutrient levels in both leaves and fruit of the Blakemore variety, 
with the results shown in figures 1 and 2. The potassium concentrations of 


BLAKEMORE FRUIT 



COMPLETE -CALCIUM -POTMNUN -MAGNESIUM -PHOSPHATE -SULPHATE -NITROGEN 
MINERAL NUTRIENT TREATMENTS 


Fig. 1. Soluble nutrients (expressed as parts per million in foliage and fruit) found 
in Blakemore strawberry plants, grown in nutrient solutions with the indicated deficiencies 
in certain elements, and in complete nutrient solution. 



COMPLETE -CALCIUM -POTASSIUM -MAGNESIUM -PHOSPHATE -SULFATE -NITROGEN 
MINERAL NUTRIENT TREATMENTS 


Fig. 2. Soluble nutrients (expressed as parts per million in foliage and fruit) found 
in Blakemore strawberry plants, grown in nutrient solutions with the indicated deficiencies 
in certain elements, and in complete nutrient solution. 

both leaves and fruit were greatly affected by the ionic nature of the nutrient. 
Lack of calcium* and especially of magnesium, resulted in a marked increase 
in potassitim in the foliage and the fruit as compared with the effects of the 
complete nutrient treatment. Plants grown in the potassium-deficient 
nutrient solution produced foliage containing 1200 p.p.m. of potassium and 
fruit with 400 p.p.m. of this element, each value being about one-third of 
that forplants in the complete nutrient series. In the complete nutrient 
treatment the potassium concentration in relation to the other three soluble 
minerals was much less in the fruit than in the leaves. There was practically 
no soluble phosphate in either foliage or fruit at the time phosphorus 
deficiency symptoms were evident. * 
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complete -calcium -potassium -magnesium -phosphate -sulphate -nitrogen 


MINERAL NUTRIENT TREATMENTS 

Fio. 3. Soluble nutrients found in Klondike strawberry plants grown in solutions 
with the indicated deficiencies in certain elements and in complete nutrient solution. Ex¬ 
pressed in parts per million of fresh foliage and fruit. 

In the Klondike variety (figs. 3 and 4) the concentration of soluble 
potassium and calcium in both leaves and fruit of plants that received 
complete nutrient solution were much higher than in the Blakemore variety. 
The ionic antagonistic effects of potassium and magnesium upon the con¬ 
centrations of their ions in the foliage and fruit of Klondike were very much 
the same as in the Blakemore. The relatively high potassium concentration 
in the fruit of Klondike in relation to other soluble minerals was also evi- 



MINERAL NUTRIENT TREATMENTS 


Fig. 4. Soluble nutrients found in Klondike strawberry plants grown in solutions 
with the indicated deficiencies in certain elements and in complete nutrient solution. 
Expressed in parts per million of fresh foliage and fruit. 
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dent. Soluble phosphate also accumulated in potassium-deficient foliage 
and fruit. The accumulation of soluble phosphate was very marked in nitro¬ 
gen-deficient leaves. In the fruit, potassium accumulation in high degree 
was associated with nitrogen deficiency. 

Davis et al. (4) also found negative correlations in the leaf ash of the 
Parson Beauty variety of K s O with CaO, MgO, P 2 Oi, respectively, but a 
positive correlation of MgO with P 2 0 5 . Wallace (8) has reported a high 
nitrogen content of strawberry fruit when potassium was deficient in the 
nutrient medium. 

Deficiency symptoms 

Potassium deficiency. —A distinct varietal difference was noted in the 
potassium deficiency symptoms on the leaves. In the Klondike variety, 
potassium deficiency was characterized by progressive necrosis of the petioles 
just below the leaflets as shown in figure 5, B anil C. Concurrently the mid- 



Fio. 5. Potassium deficiency-symptoms in strawberry leaves. A, healthy leaf of 
the Klondike variety; B and C, progressive necrosis in petioles of this variety; D, mar¬ 
ginal leaf scorch in the Blakemore variety. 

ribs of the leaflets became purple. As a result of the breakdown of the 
conducting tissue in the petioles the leaflets wilted and soon dried up. In 
the Blakemore variety, though analysis showed the potassium level to be 
about the same as in the Klondike, this type of injury was not observed. 
In the Blakemore there was a marginal necrosis of the leaflets which gradu¬ 
ally rolled upward and inward (fig. 5, D) and the younger leaflets became 
light green to yellow between the veins. In the early stages of potassium 
deficiency, the fruit of both varieties had a normal external appearance but 
many ripe Klondike fruits had dead calyces. In more advanced stages 
of potassium deficiency, the wilting and drying up of the pedicels and 
pedunclep resulted in considerable shriveling of fruits. 

DR$ft0 and Hill (3) described potassium deficiency symptoms (variety 
not mentioned) in the following manner: “In early stages the plants were 
dark green in color which lasted well into the fruiting season; however, they 
were smaller and less vigorous than those receiving complete nutrients. 
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The leaves gradually lost their luster and by the end of the fruiting season 
began to curl. A bronzing and considerable purpling was observed on the 
under surface of the leaflets by late summer.” 

Hoagland and Snyder ( 6 ) in studying potassium deficiency of the 
Marshall, Ohmer, and Klondike strawberries did not find marginal scorch 
prominent in any of these varieties, but reported bronzing and necrosis of 
the petiole and base of the blade. 

Calcium deficiency. —In both the Blakemore and Klondike varieties, 
symptoms of calcium deficiency first appeared as injury to the roots followed 
by injury to the leaves. A marked varietal difference in the appearance of 



Fig. 6. Symptoms of phosphate and calcium deficiencies in Blakemore strawberry 
plants. 



Fig. 7. Symptoms of phosphate and calcium deficiencies m Klondike strawberry 
plants. 

calcium deficient leaves was evident. Calcium deficient Blakemore plants 
made much more growth than did the Klondike plants (figs. 6 and 7). 
Symptoms in the Blakemore foliage, however, were evident as in figure 4. 
The younger leaves were much deformed and crinkled, and exhibited tip 
burn. In contrast, the younger Klondike leaves were not crinkled but the 
older leaves lost their luster and became somewhat mottled. Later these 
older leaves became flaccid and internal breakdown of tissue was evident, 
suggesting that calcium had been translocated to some extent from them 
to the younger leaves. The fruits of calcium deficient plants of both varieties 
were very much deformed while still green and were still small when ripe. 
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The calyces of the ripe fruit of the Klondike variety all died, a condition 
also noted in potassium deficiency. 

Davis et al. (4) reported that calcium deficient plants of the Parson 
Beauty strawberry grew vigorously during the summer and did not develop 
leaf blotch until early fall, after which leaf growth was restricted. 

Magnesium deficiency. —Early stages of magnesium deficiency in the 
Klondike foliage were characterized by the downward and inward rolling of 
the yellowish-green leaf margins. In later stages the upper surface of the 
leaf blades between the veins became a yellowish-orange color except in the 
region along the midrib. Brown necrotic areas appeared on the under sur¬ 
face of these leaves. These symptoms also appeared in magnesium deficient 
Blakemore foliage. 

Davis et al. (4) reported that in summer the magnesium deficient series 
were the most vigorous of his experimental plants. The large leaves were of 
normal color until late August when characteristic brown patches, mostly 
confined to the leaf margins, developed. Abscission of these brown patches 
gave the leaves a ragged appearance. The petioles were always longer than 
those in the normal series. 

Phosphate deficiency. —Early stages of phosphate deficiency in both 
varieties were characterized by an intensified blue-green coloration of the 
foliage. This was accompanied by reddening of the leaf margins. In later 
stages the entire surface of the older leaf blades became bronzed and purpled 
due to the red pigments overlying the blue green. The petioles became red 
and brittle and the midribs and veins on the under surface of leaf blades 
showed the purple coloration that suggested a physiological nitrogen defi¬ 
ciency. The leaves were not as thick as the leaves of normal plants and the 
petioles were shorter. In more advanced stages of phosphate deficiency the 
plants were much dwarfed and the older leaves became brown and dry. 
Davis et al. (4) observed similar symptoms in the Parson Beauty variety 
in Canada. 

Nitrogen deficiency. —In early stages of nitrogen deficiency the serra¬ 
tions at the margins of older leaves became red. As nitrogen deficiency 
progressed, the younger leaves developed more slowly and appeared yel¬ 
lowish green. Later a reddening gradually extended over the entire leaf 
surface. The petioles, which were shorter than in the plants receiving 
complete nutrients, became red and brittle. In advanced stages of nitrogen 
deficiency the older leaves became light yellow with browning and necrosis 
of localized areas. The ripe fruit was small and the plants developed few 
feeding roots. In general, these nitrogen deficiency symptoms are in agree¬ 
ment with those described by Davis and Hill (2) and by Davis et al. (4). 

* For the Aroma strawberry, Long and Murneek (7) found that the nitrogen 
content of leaves decreased rapidly during senescence, with a simultaneous 
increase in the roots and stems. They further reported that the roots ac¬ 
cumulated 30 to 40 per cent, of the total amount of nitrogen found in the 
plant during tile"winter. 
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Differences in symptoms 

The mineral deficiency symptoms in the leaves of the Klondike and the 
Blakemore varieties as grown under the conditions reported herein are 
summarized in table III. Where there were differences in the symptoms 
between the young and old leaves such differences are listed. Varietal dif¬ 
ferences were greatest in the symptoms of calcium and potassium deficiencies. 
These differences were evident in the young leaves for calcium deficiency, 

TABLE III 

Nutrient deficiency symptoms in leaves of two varieties of strawberries 


Nutrient 

deficiency 

Variety 

Symptoms 

Calcium 

Klondike 

Blakemore 

Young leaves: dwarfed, with marginal scorch, followed 
by death of buds. 

Mature leaves*: loss of luster and turgor, followed by 
mottling. 

Young leaves: dwarfed and crinkled near tips. 

Mature leaves: loss of luster and turgor followed by 
yellowing. 

Potassium 

Klondike 

Blakemore 

Mature leaves: progressive purpling of midrib and peti¬ 
ole, followed by necrosis of petiole. 

Mature leaves: margins of leaf blades scorched and 
rolled upward. 

Magnesium 

Klondike and 
Blakemore 

Mature leaves: chlorosis of outer portion, followed by 
downward rolling of leaf margin. 

Phosphate 

Klondike 

and 

Blakemore 

Young leaves: dark blue-green, and retarded m growth. 

Mature leaves: intensified blue-green accompanied by 
reddening of the leaf margins, the leaf blades later 
becoming bronzed and purpled and petioles bright 
red. 

Midribs and veins on under surface of leaf becoming 
purpled. 

Nitrogen 

Klondike 

and 

Blakemore 

Young leaves: in more advanced stages, light green to 
yellow; growth restricted. 

Mature leaves: in early stages, the serrations of older 
leaves redden. Later the entire leaf surface reddens, 
the older leaves finally becoming bright yellow ac¬ 
companied by necrosis and browning of localized 
areas. 


* A mature leaf as used herein refers to fully expanded turgid leaves. 


and in the mature leaves for potassium deficiency. No varietal difference 
in symptoms was observed for magnesium, phosphorus, or nitrogen de¬ 
ficiency. Hoagland and Snyder (6) found Nick Ohmer strawberry to be 
less susceptible than Marshall to nutrient deficiencies, and Klondike to be 
the variety least susceptible to boron deficiency. 

Discussion 

The composition of the leaves of plants given a complete nutrient solution 
for about 2 months differed from that of dormant plants at the beginning 
of the experiment chiefly in the greater content of potassium. Analysis of 
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the leaves of plants in the deficiency tests after symptoms were evident 
indicates that their calcium, magnesium, and phosphorus content, as well as 
potassium content, may vary greatly depending on the supply. It would 
seem, therefore, that foliar analysis as an index to the nutrient condition 
of the plant might be practical. 

In general, the nutrient content of the strawberry fruit followed that 
of the leaves but was not so high. Characteristic foliage symptoms of 
nutrient deficiencies were observed. For the most part they correspond to 
those observed in the strawberry by other investigators but additional 
symptoms were recorded. Particularly evident were the differences in the 
calcium and potassium deficiency symptoms for the Klondike variety as 
compared with the Blakemore. This indicates the need for a study of the 
symptoms for different varieties in order to make a correct diagnosis of 
deficiencies. 

Summary 

1. Foliar symptoms of potassium, calcium, magnesium, phosphate, and 
nitrogen deficiencies are described for both Blakemore and Klondike straw* 
berry varieties during the fruiting stage of growth. 

2. Marked varietal differences in potassium and calcium deficiency symp¬ 
toms are noted and illustrated. 

3. Soluble minerals were determined in the foliage and fruit of plants 
receiving the various nutrient treatments, and the results obtained are 
illustrated. 

4. In the complete nutrient treatment of each variety the potassium 
concentration in relation to other soluble minerals in the fruit was high as 
compared with the same relationship in the leaves. 

5. There were only traces of soluble phosphate in the foliage and fruit 
at the time phosphate deficiency symptoms were evident. 

Division of Fruit and Vegetable Crops and Diseases 

Bureau of Plant Industry, The U. 8. Department of Agriculture 
and 

The North Carolina Agricultural Experiment Station 
Raleigh, North Carolina 
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AN INSTALLATION OP LARGE SAND-CULTURE BEDS 
SURMOUNTED BY INDIVIDUAL AIR-CONDI¬ 
TIONED GREENHOUSES 1 

Moyer D. Thomas, Russel H. Hendricks, 

James O. I v i e , and Geo. R. Hill 

(with ten figures) 

In this series of papers, various phases of the relations of sulphur to 
plant growth are being considered. Special consideration is given to the 
role of sulphur dioxide. This study was initiated in 1935-1936, when 
experiments were carried out at Logan, Utah (8, 9), in a non-industrial 
atmosphere sufficiently free from sulphur compounds to permit the study 
of the effects of low concentrations of sulphur dioxide on alfalfa. In order 
to continue the studies at this laboratory, it has been necessary to set up 
special equipment to control the sulphur supply, both to the roots and to the 
leaves of the vegetation. This has been accomplished by the construction 
of a group of large automatically-irrigated, sand-culture beds surmounted 
by individual greenhouses, supplied with washed and filtered air. 

The utility of the sand bed is well established in solution-culture work, 
primarily because the sand provides support for the plants and permits good 
aeration of the roots, as well as control of soluble materials available to them. 
Further, it is not difficult to irrigate the plants uniformly. Normal growth 
of the vegetation and good yields have been repeatedly observed. For 
example, Arnon and Hoagland (1) grew tomatoes in the greenhouse in 
comparable sand, water, and soil cultures. They obtained excellent growth 
in all three media, but the yield of fruit was somewhat higher in the sand 
than in the water or soil. In our experience, root respiration measurements 
and transpiration measurements can be readily carried out in the sand bed. 
Also, it is not difficult to harvest the roots quantitatively. 

In addition to the usual sand-cultures in pots, crocks, or on greenhouse 
benches, special small and large sand containers, and equipment for irrigat¬ 
ing them automatically on the surface, have been described by Eaton (4, 
5, 6) and by Chapman and Liebig (3), Subirrigated sand and gravel beds 
have been used by Biekart and Connors (2) and by Withrow and Biebel 
( 11 , 12 ). Some of these installations were designed for scientific studies 
in plant nutrition; others for commercial crop production. 

The following features were sought for the equipment described in this 
paper: 

1. Sand beds large enough to grow a number of plants to maturity, with 
root systems of as nearly ^brmal size as possible. 

2. Airtight greenhouses surmounting the beds, in which the gaseous 
environment could be controlled. 

i This is the third of a series of papers on i * The Effect of Prolonged Low Concentra¬ 
tions of Sulphur Dioxide Upon Plants . 9 9 


334 



THOMAS ET AL. : SAND-CULTURE BEDS IN AIR-CONDITIONED HOUSES 335 

3. Containers with insoluble walls that would supply as small an amount 
of nutrients as possible. 

4. Automatic irrigation. 

5. Ease of control of concentrations and volumes of the nutrient solu¬ 
tions, and of air with known sulphur dioxide concentrations. 

6. Facilities for root respiration and photosynthesis measurements. 

Installation 

A diagram of one unit of the equipment is given in figure 1, and a section 
of the general assembly is shown in figure 2. Figure 3 is a photograph of 
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the installation, looking southwest, and showing, in addition to the green¬ 
houses, the location of the air-washing unit, the recorder room, and a large 
concrete pit for storing and treating the sand. Figure 4 shows the green¬ 
houses filled with first crop alfalfa on April 29, 1941. 



Fig. 2. Diagrammatic plan of the sand-culture and accessory equipment. There 
are sixteen sand beds and two control rooms. 

The bedsjgfte concrete "boxes 6' x 6' x 2.5', set about 27 inches into the 
ground. The nuttient supply tanks are enclosed concrete boxes 5' x 6' 
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x 3.5', placed below the sand beds and connected with them by aluminum 
pipe through time-clock controlled cast iron motor pumps. The insides of 
all of these boxes were coated with a heavy layer of asphalt tar, but before 
the 1942 season started the walls of the sand beds were completely covered 
by plate glass mounted in tar. More recently the walls of the solution tanks 
were also covered by plate glass. The nutrient solution is introduced at the 
bottom of the bed through a manifold of aluminum pipe (fig. 10) covered 
with a fine aluminum screen to exclude the sand, and the overflow liquid is 
returned from the top of the sand to the supply tank. A second overflow 
is provided so that the water can be drained off to waste at the top of the bed 
when it is desired to wash the sand. A sample of the initial overflow liquid 
is collected automatically. The solution is allowed to overflow for 5 to 10 



Pig. 3. General view of the installation looking southwest. In foreground is the 
air washing room, the recorder room, and the utility sand pit. 

minutes before the pump is stopped and the excess water is drained back 
through the pump, requiring about forty minutes. A satisfactory displace¬ 
ment of the old solution and washing of the sand is thus obtained. One 
irrigation per day is usually sufficient. 

The complete installation (fig. 2) consists of 16 sand beds and their 
individual supply tanks. Two underground laboratories provide access to 
the motor pumps (fig. 5) and the accessory equipment, which includes 
facilities for sampling the solutions, adding concentrated nutrients, 
handling and mixing the solutions, measuring and making up evaporation 
losses. Air pumps are also provided to force air either up or down through 
the sand in connection with sulphur dioxide fumigations and root respira¬ 
tion measurements. 
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On the smooth top edge of each sand box is placed a gastight greenhouse 
(fig. 6), made of commercial steel window frames, mounted on an angle 
iron framework. The joint with the concrete surface is made with mastic. 
This greenhouse has an 8" intake pipe leading up the north side and enter¬ 
ing near the top. A similar outlet pipe emerges from the bottom. For 
ready access to the inside, the greenhouse is provided with four 10" x 14" 
doors, one on each side, and also one gastight door large enough to admit a 
man. The whole structure can be removed from the sand bed with a crane 
(fig- 7). 

The ventilation system includes air washing and filtering equipment 
(fig. 3). The air is washed with tap water in a concrete chamber 7'x7' 



Fig. 4. View of the plant chambers containing alfalfa on April 29, 1941. 

x 14', using a double bank of 100 sprays, operated by a 3 H.P. motor pump. 
The spray is removed by the usual galvanized iron eliminator plates, and 
the air is filtered through glass wool filters before and after entering the 
spray chamber. A 9,000 c.f.m. blower then delivers the air to the 16 green¬ 
houses through underground tile pipes. Dampers and air valves are pro¬ 
vided to control the air flow so that it is equally distributed to the different 
greenhouses. No attempt has been made to thermostat the plant chambers, 
but their temperature usually is the same as, or a little below, outside air 
temperature. Continuous analysis of the washed air has failed to show a 
detectable amount of sulphur dioxide. The limit of this analytical method 
is about 2 parts per billion. 

Ottawa (Illinois) silica sand is used in the beds. This material consists 
of clear well-rounded grains, 0.5-0.6 mm. in diameter, assaying 99.8 per 
cent, silica. The remaining 0.2 per cent, is nearly all iron and aluminum 
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oxides. It has proven to be entirely satisfactory as to particle size, and 
pure enough for most purposes. 

Each bed contains 4,000 kg. of sand. In an experiment to determine 
the amount of moisture held by the sand, a bed was flooded and allowed to 
drain for 2 hours. On sampling with a tube, 11.4 per cent, of moisture was 
found. After 24 hours, the sand retained 9.4 per cent, wateir. When air 
was drawn down through the bed over night after irrigating, 6.9 per cent. 



Fio. 5. Solution pumps showing intei connections and discharge pipes to the 
sand beds. 

water was found next day, and 4.8 per cent, after about 1 week. The per¬ 
manent wilting percentage of this sand has not been determined, but it is 
probably less than 2 per cent. The bed will, therefore, retain at least 100 
to 350 liters of readily available moisture, under different conditions. The 
maximum amount of evaporation that has been observed with a large crop 
of alfalfa was about 30 liters per day. This would represent less than 10 
per cent, of the water available if the sand were irrigated daily. 
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At harvest, the root systems can be removed nearly intact if desired. 
Figure 9 is a photograph of an alfalfa root partially washed free of sand. 
Figure 10 shows the intermeshed roots of three winter wheat plants and one 
barley plant, which have been washed free of sand in place. Note part of the 
irrigation manifold in the bottom of the pit. The tarred wall of the pit in 
figure 9 may be compared with the plate glass wall in figure 10. If the 
roots are not desired intact, it is simpler to pull out the larger portions and 



Fig. 6. Gieenliouee unit, showing access to inside and the strips of sheet aluminum 
covering sand. 

separate the hair roots from the sand by means of a large screen, agitated 
in the surface of a pool of water (fig. 8). After further washing, the 
sand can be used again. One prolonged washing with 0.1 N nitric acid has 
usually been employed. It has been possible to secure a satisfactory control 
of green algae by the use of strips of sheet aluminum between the plants. 

Nutrient solutions 

The principal constituents of the nutrient solutions have had approxi¬ 
mately* the proportions but not more than half the concentrations sug¬ 
gested by Hoagland (7). It has been necessary also to make modifications 


Fig 7. Greenhouse unit suimounted In the eiane for remo\ing the house from 
the sand pit. 

to secure the desired range of sulphur and hydrogen ion concentrations. 
In general the basic solution has been as follows: 

Ca(NO,) 2 0.002 M 

KNO, 0.002 M 

Mg (NO,). 0 0008 M 

To this solution, phosphoric acid or potassium phosphate is added to give 
a phosphate concentration of 0 0001 M or about 3 p.p m. More recently the 



Fig. 8. Equipment for screening the sand to separate the hair roots from the sand. 
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Fig. 9. Alfalfa root partially washed free of sand (1941). 
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concentration of the potassium nitrate has been increased to 0.004 M and 
that of the calcium nitrate reduced to 0.0012 M in accordance with the sug¬ 
gestion of Arnon and Hoagland (1) that the ions are absorbed by the 
plants in about these proportions. 

Ammonia or potassium hydroxide is then used to adjust the pH, which 
is subsequently maintained by the proper nitrate-ammonia ratio as sug¬ 
gested by Trelease and Trelease (10). It has not been practicable to 
maintain a phosphorous concentration higher than 3 p.p.m. on account of 
precipitation. Metaphosphate was tried and seemed promising for a time, 
but it soon reverted to orthophosphate and precipitated. The desired 
amount of sulphate is added as potassium, magnesium, or calcium salt. Iron 
is maintained between 0.15 and 0.5 p.p.m. by repeated additions of ferric 
nitrate, and the usual “trace” elements are also added. Lower nutrient 
levels have been secured by dilution of the basic solution without a cor¬ 
responding dilution of the sulphur, phosphorus, iron, and trace elements. 
It is necessary to make up these solutions with distilled water, since the best 
natural water contains too much sulphur for these studies. A 20-gallon-per- 
liour still and a 3.000-gallon storage tank, provide the large amount of 
water needed. 

The installation has been in use since 1939. Subsequent papers in this 
series will describe the experiments conducted in it. 

Summary 

A large sand-culture installation is described, with automatic equipment 
for subirrigating the beds and facilities for measuring transpiration, photo¬ 
synthesis, and root respiration. The beds are surmounted by airtight indi¬ 
vidual greenhouses, supplied with washed and filtered air free from sulphur 
dioxide, thus permitting control of the gaseous environment. 

Department of Aoricclti ral Research 

American Smelting and Refining Company 
S\lt Lake City, Utah 
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THE UTILIZATION OP SULPHATE AND SULPHUR DIOXIDE FOR 
THE SULPHUR NUTRITION OF ALFALFA 1 


Moyer D . Thomas, Russel H. Hendricks, 

T. R. Collier, and Geo. R. Hill 

(with five figures) 

Introduction 

Though sulphur has long been recognized as an essential element in 
plants, particularly as a constituent of the proteins, it has not received much 
consideration in fertilizer studies. As shown by the work of Hart and 
Peterson (3), this was partly due to the older practice of determining 
sulphur in the ash of vegetation, which gave low results and did not indicate 
the true sulphur needs of the plants. In practical agriculture, sulphur 
deficiency has probably been uncommon, at least during the last century, 
because of important additions of the element from the atmosphere, and 
important, though unintentional, additions in commercial fertilizers. 

Regions of sulphur deficiency, however, have been shown to exist in the 
Pacific Northwest (6), in Western Canada, and in Northern Minnesota (2). 
The location of these regions where winds from industrial areas seldom 
blow’, seems to emphasize the importance of atmospheric sulphur in supply¬ 
ing the needs of those regions in which there is industrial activity and 
favorable prevailing winds. Alway (1) has given an historical review’ of 
sulphur in agriculture in his presidential address to the American Society 
of Agronomy, in which this viewpoint was advanced and in which it was 
suggested that part of the sulphur requirements of plants might be supplied 
by direct absorption of sulphur dioxide into the leaves, as w’ell as indirect 
absorption after the gas has been taken into the soil and changed to sulphate. 
Setterstrom, Zimmerman, and Crocker (8) have submitted evidence that 
sulphur dioxide can increase the growth rate of sulphur-deficient plants. 

In this paper a study has been made, using the large sand-culture 
installation (9), of the sulphur needs of alfalfa, and the possibility has been 
explored of substituting sulphur dioxide for sulphate as the source. The 
experiments w T ere planned to determine the effect of sublethal concentrations 
of sulphur dioxide on the grow’th of alfalfa under a wide range of con¬ 
ditions—such as different hydrogen ion concentrations and different con¬ 
centrations of the principal nutrient elements. In particular, the effects of 
sulphur dioxide on sulphur-deficient vegetation w r ere sought. 

Methods 

1939 experiments 

Twelve plots of alfalfa were studied in 1939. Seedling plants were 
grown in the greenhouse in complete nutrient solutions in silica sand in 

i This is the fourth of a series of papers on * i The Effect of Prolonged Low Concen¬ 
trations of Sulphur Dioxide upon Plants . 9 9 
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deep narrow wooden boxes 4" x 30" by 18" deep. Seed of Turkestan alfalfa, 
derived from a single plant selection, and furnished by the Utah Experi¬ 
ment Station, was planted in February. The plants were topped in April 
and prepared for transplanting by removing one side and the bottom of each 
box and washing away the sand with a spray of water. The seedlings were 
sorted and those of uniform size were distributed on trays so that all the 
plots received 25 plants which were as nearly the same size as possible. The 
average fresh weight of the seedlings was about 5 grams per plant; dry 
weight about 0.7 grams per plant. The transplanting was completed by 
inserting an 18" metal planting tool enclosing the seedlings into the moist 
sand. The tool was then separated into two parts and removed, leaving the 
seedling in place. These transplanting operations were carried out with 
negligible injury to the plants. 

All the plots were supplied with a base nutrient solution of the approxi¬ 
mate composition already indicated (9). Six of the plots were maintained 
at a pH of about 5.5 and the other six at about pH 7.0. Four plots had no 
sulphur added intentionally to the nutrient solution; four had sulphate 
equivalent to 5 p.p.m. of sulphur; and four 90 p.p.m. of sulphur. Thus 
there were six pairs of plots with low and high pH and with low, medium, 
and high sulphate in the nutrient solution. One plot of each pair was fumi¬ 
gated with sulphur dioxide at a concentration of about 0.1 p.p.m. for 6 to 7 
hours each day (usually from 9 a.m. to 4 p.m.) and six days each week 
throughout the growth period. The other plot of each pair was unfumi¬ 
gated. Four crops were grown during the season, and after cutting the 
fourth crop, the roots were also harvested. 

1940-1941 EXPERIMENTS 

Seedling alfalfa plants, grown as in 1939 were transplanted on April 25, 
1940 to 12 plots of new sand and 4 plots of used sand that had been washed 
and steam sterilized. The seedlings had been treated with Rhizobium, sup¬ 
plied by the University of Wisconsin, and were nodulated when transplanted. 

An attempt was made after transplanting the seedlings to grow one-half 
the plots in a solution 40 per cent, of the strength of the 1939 solution, and 
the other half in a solution of 20 per cent, strength. The plants did not 
grow as well as in 1939 and it was decided on May 8 to raise the concentra¬ 
tion of the former group 2.5 fold. The weaker solutions were not modified 
until June 3, when one millimol of calcium nitrate was added to them, 
because the plants appeared to be very unthrifty. This group of plots was 
placed on the 1939 level of nutrient concentration for the second crop and 
maintained at that level throughout the remainder of the experiment. The 
other plots were also maintained at this level for the second crop in 1940; 
thereafter the concentration of the solution was progressively lowered until 
it finally reached 3 per cent, of this value. The pH of all the solutions was 
maintained at about 5.5 during the two years. Four levels of sulphate 
concentration were established in the nutrient solutions. Four plots had 
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no sulphate added intentionally. The other three groups had nominal 
sulphate concentrations equivalent to 0.8 p.p.m., 1.5 p.p.m., and 10 p.p.m. 
sulphur. There were, therefore, 8 pairs of plots with low and high nutrient 
levels and low, medium low, medium, and high sulphate sulphur in the 
nutrient solution. It should be noted that these designations of the sulphate 
concentrations do not have the same values as in 1939. One plot of each pair 
was fumigated with sulphur dioxide as in 1939, the other plot being un¬ 
treated. Four crops were harvested in 1940; then five crops and finally 
the roots in 1941. 

Results 

Cultural data 

Average concentrations of the principal nutrients, determined by analy¬ 
sis of the solutions, for each crop in 1939 are summarized in table I and the 
corresponding data for 1940-1941 arc given in table II. These tables in¬ 
clude the fumigation data. In the 1940-1941 data, the i Mow nutrient level” 
group of plots for the first crop in 1940, became the “high nutrient level” 
group for the second and subsequent crops and vice versa. It is particularly 
interesting to note the low nutrient concentrations employed in 1941, on 
which good growth was obtained, due probably to the well-established root 
systems. Even the highest of these concentrations was inadequate for the 
first crop in 1940 when the root systems were small. 

Growth of the alfalfa was vigorous. Four crops were harvested during 
each first year and five crops during the second year. The plant chambers 
were repeatedly filled with vegetation, as already illustrated (9). Maximum 
yields were at the rate of 10 tons per acre of dry alfalfa in 1939, 6.5 tons 
in 1940, and 15 tons in 1941. The sulphur dioxide fumigations did not 
cause any acute markings, but chlorotic markings usually developed on the 
older leaves to the extent of about 5 to 10 per cent, of the leaf area of the 
plot as described later. 

Table III gives the chlorophyll content of all the crops, determined on 
fresh leaves by the method of Schertz (7). These leaf samples w T ere ob¬ 
tained by separating the leaves and stems of a large representative portion 
of the plots at harvest, as already described (11). The table confirms the 
visual observations, that the leaves of the sulphur-deficient plants were not 
as dark green in color as the plants supplied with adequate sulphur, either 
from the nutrient solution or from sulphur dioxide. The “low sulphur-high 
nutrient” check plot particularly, had at all times a distinctly yellow cast. 
An exception was the “high sulphur-low nutrient” fumigated plot, which 
became chlorotic on the last three crops in 1941, due possibly to the develop¬ 
ment of root disease. 

Considerable difficulty was experienced after the first crop in 1939 due 
to aphis, which were sufficiently numerous in a few cases to reduce some¬ 
what the yield of the crops. Thrips also were present. In 1940-1941 aphis 
were completely eliminated by the nicotine sprays used to control the more 
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troublesome thrips. It is probable that thrips were responsible for some 
of the variability in the data to follow. Infestation was heavy and general 
and it was necessary to reduce their population at the beginning of each 
crop by nicotine sprays, because they attacked the growing points and 
interfered seriously with the development of the new shoots. It wajs im- 



LOW pH 



CJ> 

* 


HIGH SULPHUR 



> 




LOW SULPHUR 

Fig. 1 . Alfalfa crop yield data for 1939. 


practicable to spray the larger plants, but the thrips seemed to be much less 
harmful at this stage. The nicotine sprays produced some typical foliar 
markings, which destroyed about 1 per cent, of the leaf area of all the plots. 


Yield 

Yield data are presented as kilograms dry weight per plot for the 1939 
crops in table IV and figure 1 and for the 1940-1941 crops in table V and 
figure 2. The yearly yields are summarized in table VI and figure 3. The 
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Heavy infestation of aphis. 














TABLE V 

DATA FOR 1940-1941 (DRY WEIGHT PER PLOT) 
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t 4th and 5th crops were seriously affected by root disease. 

X 4th and 5th crops had a nearly adequate supply of sulphur from an unknown source. 
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1939 data indicate a somewhat better growth of alfalfa at pH 5.5 than at 
pH 7, at the “low” and “medium” sulphur levels. At the “high sulphur 
level” the pH effect seemed to disappear. The reduced yield of the check 

HIGH NUTRIE.NT LE.VLL LOW NUTRIOIT LfLVLL 




LOW SULPHUR 


!Fig. 2. Alfalfa crop yield data for 1940 and 1941. 

tf 

plots at the low sulphur level was a definite indication of a deficient supply 
of this element. In most cases growth with “medium sulphur” was about 
the same as with' high sulphur. The sulphur dioxide fumigations increased 
the yield markedly on all the low sulphur plots, but had little effect on the 
others, except for the anomalous increase of the first crop with high sulphur 
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for which no explanation is apparent. Two of the medium sulphur 
fumigated crops gave lower yields than the checks due to heavy infestations 
of aphis. 

The 1940-1941 yield data (table V, fig. 2) indicate a sulphur deficiency 
in the low sulphur and medium-low sulphur groups of plots. In nearly 
all of these crops, the check yields were lower than the corresponding yields 
with medium sulphur and high sulphur and further, the fumigated plots 
almost invariably gave higher yields than the corresponding checks. The 
exception was the low nutrient, low sulphur check plot which on the fourth 
and fifth crops in 1941 not only gave larger yields than its fumigated mate, 


TABLE VI 


Ratios of the average yearly yields of the fumigated plots to the 

CORRESPONDING CHECK PLOTS 


Crops 
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High pH 


Low* pH 


Crops 

1.11 

1.02 


1.48 1.05 

0.98 


1.51 

Roots 

0.90 

0.88 


1.00 1.06 

0.79 


0.98 

Roots i crowns 

0.92 

0.90 


1.07 1.03 

0.81 


1.02 

Total 

1.07 

0.99 


1.35 || 1.05 

0.94 


1.37 


Low nutrient 
0.90 | 1.47 | 1.84 

Low nutrient 


Crops 

0.91 

0.99 

1 1.05 

| 1.19 

|| 0.84* 

0.95 

1.04 

1.031 

Roots 

1.12 

0.98 

0.82 

0.99 

0.87* 

0.93 

0.92 

0.88 

Hoots + crowns 

1.07 

0.94 

0.85 

0.95 

, 0.88* 

0.93 

0.90 

0.89 

Total 1940-41 

0.95 

0.98 

1.05 

1.21 

|, 0.87* 

0.93 

1.09 

l.llt 


* One plant dead and several others with root disease it final harvest, 
t Omitting fourth and fifth crops, ratio = 1.16 (see table V). 
t Omitting fourth and fifth crops (1941), ratio = 1.19 (see table V). 


but also exceeded the yields of the medium-low sulphur plots and even 
equalled the yields of the medium sulphur and high sulphur plots. Ana¬ 
lytical data to follow, indicate that these two crops received a nearly ade¬ 
quate supply of sulphur from some source other than the nutrient solution, 
possibly from the tar-covered walls of the sand bed, or from the sand itself. 
A careful examination of this container did not reveal any breaks in the tar 
lining or any other unusual appearance. It is difficult to understand how 
there could have been a sudden increase in the sulphur supply from the 
sand. No leaks were found in the system and the nutrient solutions did not 
show an appreciable increase in sulphate content. 
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In 1940-1941, as in 1939, the fumigated low sulphur and medium-low 
sulphur plots gave yields that were intermediate between the corresponding 
check yields and the largest yields obtained with adequate sulphur in the 
nutrient solution. This suggests that sulphur dioxide, supplied to the leaves 
for sulphur nutrition, is not as efficient as sulphate supplied to the roots. 
Presumably, this is due in part to the fact that sulphur dioxide, after ab¬ 
sorption and oxidation to sulphate in the leaves, tends to remain in the 
leaves and is only slowly translocated to other parts of the plant. 

The attempt was made in 1940-1941 to prevent the absorption by the 
sand of sulphur dioxide which would subsequently be oxidized to sulphate 
and absorbed by the roots. For this purpose, a stream of air (0.4 cubic ft. 
per minute) was forced upward through the sand throughout the fumi- 



Fig. 3. Total yearly yields of alfalfa, including roots, for 1939, 1940, and 1941. 


gation period. The check plots were similarly treated. This procedure was 
nof; adopted in 1939. Absorption of sulphur dioxide by the sand was never 
entirely excluded. Analysis of the nutrient solution indicated that its 
sulphur content was probably raised about 0.1 p.p.m. by this means in 
1940-1941, but this incritse seemed to have very little effect on the experi¬ 
ment. 

The yield data suggest that the low sulphur and medium-low sulphur 
plots were much less deficient in sulphur in 1941 than in 1939 or 1940. In 
fact the yield of the large first crop in 1941 was nearly independent of the 
nominal sulphu#Supply. This was probably due to the long period during 
the winter when the plants could accumulate an appreciable amount of 
sulphur by slow absorption from the walls or elsewhere and also to the 
large root system in 1941. Further, it was impossible to operate the air- 
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washing system during the cold weather, and some Sulphur was doubtless 
derived from the atmosphere at this time. 

It will be noted that the weights of the different root systems did not 
parallel the variations in weight of the tops. In 1939 the medium sulphur 
check plots had slightly larger roots than the others; but the low sulphur 
roots were a little larger than the high sulphur roots. In all cases in 1939, 
except the low pH-high sulphur pair, the check roots were as large as or 
larger than the corresponding fumigated roots. However, the roots plus 
crowns were heavier in the check plots in only three of the 6 pairs. In 1941, 
the check roots and also roots plus crowns, exceeded the corresponding 
fumigated values in 7 out of 8 cases. 

The ratios of yields of corresponding fumigated and check plots are 
summarized for all 3 years in table VI, and the yearly yields are shown 
graphically in figure 3. There was an increase in yield due to fumigation 
with sulphur dioxide in the low sulphur plots of 48 per cent, and 51 per 
cent, in 1939, and of 65 per cent, and 84 per cent, in 1940. The increase in 
the medium-low sulphur plots in 1940 was 25 per cent, and 47 per cent. 
The corresponding increases in 1941 were only 3 per cent, to 19 per cent., 
though as indicated in table VI, the 3 per cent, value was low’ due to the 
fact that the check plot of the pair w r hich gave this result was somehow 
supplied with an adequate amount of sulphur on the fourth and fifth crops, 
as shown by analysis. Statistically, all of these increases in yield are highly 
significant. 

The medium sulphur and high sulphur plots had ratios fairly close to 
unity. The 1939 fumigated plots tended to give a little larger yield than 
their checks, while the corresponding 1940 and 1941 fumigated plots gave 
somewiiat smaller yields. In order to evaluate the statistical significance of 
these ratios, it is desirable to group together all the high nutrient plots 
v’hich had an adequate supply of sulphur. These include the 1939 plots, 
and there is no apparent reason to make a distinction between those with 
low r or high pH. The average of 8 ratios for the crops—1 in 1939, 2 in 
1940, and 2 in 1941—is 1.00 w ith a standard deviation of 0.06. The average 
of 6 ratios of the roots—4 in 1939 and 2 in 1941—is 0.95 dz 0.11. These 
values are not significantly different from unity by the test of Fisher’s f. 
Finally, the average of 6 ratios of total yield, including roots—4 for 1939 
and 2 for 1941—is 1.00 dt 0.05. If the individual pairs of crop yields of this 
group are subjected to the analysis of variance, no significant effect on yield 
due to fumigation is indicated. 

It may, therefore, be concluded from these experiments that the yield of 
alfalfa growing in a sulphur-deficient medium will be increased by sulphur 
dioxide fumigations which do not cause appreciable leaf injury, but 
not increased to the level of non-deficient plants. On the other hand, such 
fumigations will have no measurable effect at all if the roots are adequately 
supplied with sulphur and the general nutritional level is adequate. This 
latter observation is in accord with the results of experiments with alfalfa 
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grown in soil, previously published (11), and also with similar experiments 
by Katz and Ledingham (5). Setterstrom, Zimmerman, and Crocker (8) 
arrived at similar conclusions, using different nutrient solutions, which sup¬ 
plied both full nutrient and deficient nutrient. 

The low nutrient plots in 1940-1941 present a somewhat confused pic¬ 
ture. On the one hand, considering the sulphur-deficient plots, the incre¬ 
ment of growth of the two fumigated plots with low nutrient was as great 
as, or even greater than, the increment of the other two fumigated plots with 
high nutrient. On the other hand, the two low nutrient fumigated plots 
with adequate sulphate, showed a decreased yield of 7 and 13 per cent, as 
compared with their checks. Considering the variability of the ratios al¬ 
ready discussed, the 7 per cent, reduction in yield may not be significant, 
and the 13 per cent, reduction occurred on a plot which had some root 
disease. The yields of these two fumigated plots were similarly low on the 
second crop in 1940 when the nutrient level was high suggesting that they 
were inherently poorer plots than their checks. No conclusion can safely 
be drawn from these limited data concerning the effect of these fumigation 
treatments on the yield. 

It should be noted, however, that the fumigations were not without effect 
on the leaves. Due to the long continued absorption of sulphur dioxide, 
which accumulated in the leaves as sulphate, the older leaves became 
chlorotic and some were eventually shed. The first two crops in 1940 
showed this effect to a negligible extent. Subsequent crops showed it ap¬ 
preciably, particularly those that grew slowly at the end of the season. On 
the medium sulphur-low nutrient fumigated plot, the average shedding of 
leaves for 7 crops after the second crop in 1940 was 5 per cent, and the aver¬ 
age extent of advanced chlorotic markings at harvest was also 5 per cent, of 
the leaf area. All of the other fumigated plots had approximately these 
values, except the high sulphur-low nutrient plot which had 6 per cent, of 
shed leaves and 17 per cent, of advanced chlorotic markings. The check 
plots had onty about 1 per cent, of shed and chlorotic leaves on the average. 
On the high nutrient plots the amount of leaf destruction evidently did not 
influence the yield appreciably. Whether these foliar effects would have 
more influence on the yeld of plants growing in a low nutrient solution than 
on the yield in a high nutrient solution, needs further study. 

Photosynthesis and respiration 

Two carbon dioxide autometers (10) were operated nearly continuously 
on some of these alfalfa plots in 1940-1941. Each machine sampled from the 
intakes and outlets of two plots, with a periodic and automatic interchange 
of sample sources so that an accurate comparison of the carbon dioxide ex¬ 
change of the tw’o plots was obtained. One machine was operated on the 
high.sulphur plots; the other on the low sulphur plots. One fumigated plot 
and its unfumigated check were compared for two days, then the other 
fumigated plot and its check were measured for two days. Observations on 
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each crop were commenced as soon as the new growth r had developed enough 
to give measurable activity. The data were calculated and plotted as pre¬ 
viously described (10). Curves were obtained that were quite similar in 
appearance to those published earlier. In view of the fact that complete 
records were not obtained on any of the plots, it was not practicable to 
calculate a carbon dioxide balance sheet as was done before (10, 11). Since 
these measurements, however, were taken intermittently during the time 
when most of the crop growth occurred, they may be considered to be rep¬ 
resentative of the whole growth period. Accordingly, comparisons of the 


TABLE VII 

Ratios of net assimilation and yield on the fumigated plots to the 

CORRESPONDING VALUES ON THE CHECK PLOTS 



High S 

High nutrient 

High 8 

Low NUTRIENT 

LowS 

High nutrient 

Low S 

Low nutrient 

Crop 




Yield 

Net as¬ 
simila¬ 
tion 

Yield 

Net as¬ 
simila¬ 
tion 

Yield 


1940 


1st 


1.15 


0.75 


1.54 

1.37 

2.25 

2nd 


0.88 


0.94 

1.32 

1.18 

1.44 

1.83 

.3rd 

0.95 

0.99 

1.01 

0.93 

1.26 

1.70 

1.44 

1.81 

4th 

0.98 

0.92 

0.84 

0.92 

1.33 

1.97 

1.29 

1.86 


1941 


1st 

1.03 

0.97 

0.90 

0.81 

1.03 

1.09 

0.98 

1.11 

2nd 

0.96 

0.88 

0.97 

0.88 

1.25 

1.21 

1.13 

1.17 

3rd 

0.96 

0.91 

1.00 

0.91 

1.34 

1.31 

1.19 

1.25 

4th 

0.95 

0.86 

0.83 

0.79* 

1.29 

1.30 

0.90 

0.76t 

5th 

0.97 

0.94 

0.68 

0.70* 

1.15 

1.10 

0.67 

0.691 


Averages 1940-1941 


Tops 


0.92 


0.86 1 


1.29 


1.20 

Roots 


1.07 


0.88 


0.95 


0.89 

Total 

0.97 

0.95 

0.90 

0.87* 

1.23 

1.21 

1.13 

1.11 


* Root disease developed in fumigated plot during 1941. 
t Cheek plot received sulphur from an unknown source. 


net assimilation based on carbon dioxide exchange should parallel the yield 
data, particularly the total yield, including the roots. 

Table VII gives the net assimilation of four fumigated plots divided in 
each case by the net assimilation of the corresponding check plots. Similar 
ratios for the yields are also given. Two pairs of plots were high sulphur; 
the other two low sulphur. In the high nutrient-high sulphur pair of plots 
the ratios of the net assimilation for the crops were generally larger than 
the ratios of the crop yields. This was probably due to the fact that the 
fumigated roots were somewhat larger than the check roots, and therefore 
a larger proportion of assimilated material went into the fumigated roots, 
as compared with the tops, thus reducing the ratio of the top weights. The 
reverse was true of both the low sulphur pairs, particularly in 1940, when 
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there was a large difference between the ratios of net assimilation and crop 
yield, indicating that the check roots were receiving a larger proportion of 
the assimilated material as compared with the tops, than was the case with 
the fumigated plots. In 1941 these differences were hardly apparent. The 
low-nutrient-high sulphur pair showed only small differences throughout. 
The final comparisons between assimilation and total yield, including roots, 
were very close in all four pairs of plots. 

Water requirements 

The amount of water used in these experiments was determined for each 
plot by frequent readings of the gauges on the supply tanks and by careful 
attention to the distilled water and solution volumes added and sample 
volumes taken. The water loss was largely transpiration, but there was a 
measurable amount of evaporation from the surface of the sand, as indicated 
by the losses which occurred when the amount of vegetation was small. 
That these losses were not large was due in part to the low water-holding 
capacity of the sand and in part to the sheet-aluminum cover between the 
rows of plants. The gauge readings showed that during the first few days 
of each crop, when transpiration was probably negligible, the plots lost 
about 1.5 to 4 kilograms of water per day. It is estimated, therefore, that 
the total water loss from the surface of the sand did not exceed 800 kilo¬ 
grams during each season, and possibly was not more than about 600 
kilograms. 

The transpiration data are summarized in table VIII, as kilograms of 
water evaporated per plot. In addition, the amount of water evaporated 
per unit of dry matter produced is included. The latter values are calcu¬ 
lated in two ways: first, from the water losses as measured, and then from 
these losses less 800 kilograms, to give a minimum value for true transpira¬ 
tion per unit dry matter. 

Except for the low sulphur plots, which transpired considerably less 
water per plot than the others, there was a rather narrow range in the 
amount of transpiration in each group of plots. Transpiration was not 
affected by the pH range employed, but it was lowered by lowering the 
nutrient concentration, except in the low sulphur plots, in which it was 
independent of the nutrient concentration. It is unlikely that any of the 
differences in transpiration per plot between check and fumigated pairs are 
large enough to be significant, except possibly in the low and medium-low 
sulphur pairs in 1939 and 1940. In the latter cases, the fumigated plots 
transpired only 5 to 13 per cent, more water than their checks; whereas 
they had 25 to 84 per cent, more top growth than the checks. 

The amount of water transpired in producing unit weight of crops was 
much higher in the first year crops (1939 and 1940) than in the second 
year crops (1941). Rather close concordance was noted between the 1939 
crops and the comparable high nutrient crops in 1940. There was a much 
smaller difference, however, between the 1939 crops plus roots and the com- 



TABLE VIII 

Water requirements of the 1939, 1940, 1941 crops 
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parable high nutrient data for 1940-1941, indicating that the amount of 
water used in producing unit amount of total dry matter, including roots, 
was not greatly different in the first and second years of growth. As indi¬ 
cated later, this difference was eliminated completely when the water losses 
from the surface of the sand were considered. 


Fig. 4. 
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LOW SULPHUR 

Sulphur content of the alfalfa leaves at the harvest of each crop in 1939. 


Water transpired per unit of dry matter was appreciably higher at the 
low nutrient level than at the high, owing to the smaller crops on the former 
plots. Particularly large amounts of water were used by most of the check 
plots at low and medium-low sulphur levels, as compared with the fumi¬ 
gated plots. With medium and high sulphur there was no appreciable 
fumigation effect. • 

When allowance was made for the evaporation of water from the sur¬ 
face of the sand, the foregoing relationships were not materially changed 
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though some of the differences between the high and low nutrient levels 
disappeared, and the comparable high nutrient 1939 and 1940-1941 crops 
plus roots data became nearly identical. It should be noted that the al¬ 
lowance employed (800 kilograms per year) may have over-corrected for 
these losses, but a smaller allowance would merely have yielded larger 
transpiration values without affecting the other conclusions. Detailed data 


HIGH NUTRIENT LEVEL 



LOW NUTRIENT LEV ELL 
CROPS 



HIGH SULPHUR 



MEDIUM LOW SULPHUR 




LOW SULPHUR 


Pig. 5. Sulphur content of the alfalfa leaves at the harvest of each crop m 1940 
and 1941. 


’ for the different crops (not shown in table VIII) indicate that the water 
utilized in the summer was a great deal more than in the spring or autumn. 
For example, the value for an average first crop in 1941 was about 150 and 
for the corresponding fourth crop about 400 kilograms per kilogram of dry 
matter. This large divergence still remained after making allowance for 
evaporation from the surface of the sand. 
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Total sulphur in the tops and roots of 1940-1941 alfalfa 
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The sulphur balance sheet 

In order to establish definitely the minimum sulphate concentrations in 
the nutrient solution necessary for adequate sulphur nutrition and also to 
determine the amount of sulphur dioxide absorbed in these experiments, it 
is desirable to make a comparison of the sulphur removed from the nutrient 
solutions with the amount found in the crops. This comparison should also 
furnish a criterion for evaluating the operation of the sand culture equip¬ 
ment. 

The vegetation has been analyzed for sulphur by the Parr bomb. This 
simple method gives excellent results if the samples are allowed to stand for 
at least 6 days after precipitation before filtration. Tables IX and X 
summarize the total sulphur values for all the crops, including the roots. 
Figures 3 and 4 give the sulphur content of the leaves of all the crops. The 
data show an increasing amount of sulphur in the crops with increasing 
sulphur in the nutrient solutions. The data also indicate an increase due to 
fumigation with sulphur dioxide. Absorption of sulphur was apparently 
not influenced by the range of pH employed (table IX). There was a 
higher concentration of sulphur in the plant tissue at the low nutrient than 
at the high nutrient level (table X), and particularly in the leaves, as 
shown in figure 5. This difference was not caused by a difference in rate of 
absorption of sulphate but rather was due to the fact that the low nutrient 
plants were smaller than the comparable high nutrient plants. The high 
sulphur content of the hair roots is noteworthy. These values were about 
equal to the sulphur content of the leaves. In a majority of cases the 
check leaves had less sulphur than the hair roots, though the reverse was 
nearly always true of the fumigated leaves. The hair roots of the fumi¬ 
gated plants generally had more sulphur than those of the check plants. 
An important exception was the low sulphur-low nutrient pair, in which the 
high sulphur content of the hair roots of the check plot was associated 
with improved growth of the fourth and fifth crops as pointed out earlier. 

The balance sheet of sulphur absorbed from the nutrient solutions and 
sulphur found in the 1939 and 1940-1941 crops, including the roots, is given 
in table XI. Check and fumigated plots are considered side by side. De¬ 
creasing sulphur additions are shown in the columns. The data show 
clearly that if sulphur was available either in solution as sulphate or as 
sulphur dioxide, it was readily absorbed by the plants. For an unknown 
reason, more sulphur was found in the plants of the check plots than was 
removed from the nutrient solutions. Evidently the check plants received 
sulphur from a source other than the nutrient solution. This sulphur is 
listed in the table as ‘‘unaccounted for.’’ 

It was presumed that the principal source of this sulphur was the tar 
lining the tanks, which contained about 3 to 4 per cent, sulphur, though 
long contact of distilled water with this tar has failed to dissolve more than 
a trace*of sulphate. Since, however, the hair roots of the alfalfa were 
founds to be thickly distributed over the tar surface, adhering firmly but 
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not penetrating the layer, the possibility remained that the roots could 
have acquired sulphur directly from the tar in spite of its low solubility. 
For this reason, before the 1942 season started, the sand boxes were lined 
with plate glass, mounted in the tar. Only a few narrow seams of tar were 
left exposed, thus reducing the uncovered tar surface to a negligible area. 

In spite of this extraneous source of sulphur, the balance sheet gives 
an excellent picture of the sulphur exchange. In every case the fumigated 
plots showed less absorption from the nutrient solution than the correspond¬ 
ing check plots. Evidently the additional supply through the leaves re¬ 
duced the intake through the roots. The table gives an estimate of the 
amount of sulphur absorbed as sulphur dioxide on the assumption that the 
4 ‘unaccounted for” sulphur was the same in each fumigated plot as in its 
check. The amount of sulphur thus ascribed to sulphur dioxide was ap¬ 
proximately the same in the different plots of each group, as would be ex¬ 
pected from the fact that the fumigations were applied uniformly to all the 
treated plots. The “unaccounted for” sulphur was somewhat smaller in the 
high sulphur plots than with the other treatments, suggesting that this 
supply was not drawn on so heavily when there was adequate sulphate in 
solution. 

Consideration of the values of the “unaccounted for” sulphur indicates 
that the low-sulphur check plots of 1940-1941 received a total amount of sul¬ 
phur approximately equal to the amount accounted for as removed from the 
medium-low sulphur solutions. It is, therefore, probable that if the nu¬ 
trient solution had been the sole source of the sulphur, the growth obtained 
on the low-sulphur plots could have been obtained with a solution about 
0.8-1.0 p.p.m. sulphur, and the growth on the medium-low sulphur and 
medium sulphur, with concentrations 0.5-0.8 p.p.m. greater than those 
employed. Sulphur deficiency would then be expected with less than about 
1.5 to 2.0 p.p.m. sulphate sulphur in the nutrient solution at the growth 
rates of these experiments. 


Summary 

Alfalfa has been grown in the large sand-culture equipment for three 
years. A wide range of concentrations of sulphate was employed in the 
nutrient solution, and one-half the plots were fumigated with 0.1 p.p.m. 
sulphur dioxide for about 7 hours each day and 6 days a week throughout 
nearly the whole life of each crop. 

In 1939, 6 pairs of plots were studied using a nutrient solution in which 
the concentration of the principal nutrients was about one-half that of 
Hoaghand’s solution. Seedlings were started in the greenhouse and 4 large 
crops, including finally the roots, were harvested during the year. Three 
pairs of these plots were maintained at about pH 5.5; the others at about pH 
7.0, Two pair* of nutrient solutions each had nominal sulphate concentra¬ 
tions corresponding to 0, 5, and 90 p.p.m. sulphur. The “zero” solution 
actually contained about 0.5 p.p.m. 
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In 1940 new seedlings were started for 8 pairs of pilots. Four crops were 
harvested in 1940 and 5 crops, in addition to the roots, in 1941. A pH of 
about 5.5 was maintained throughout. Four pairs of plots had a nutrient 
solution of about 0.5 Hoagland’s concentration; the other 4 pairs after 
starting at this strength, were progressively diluted until they reached 3 
per cent, of the initial concentration. Two pairs of the nutrient solutions 
each had nominal sulphate concentrations of 0 (actually 0.2-0.3), 0.8, 1.5, 
and 10 p.p.m. sulphur. 

The results of the experiments were as follows: 

1. A pH of 5.5 was more favorable for growth of alfalfa than a pH of 
7.0, with the lower sulphate concentrations. There was no pH effect with 
90 p.p.m. sulphate sulphur in the nutrient solution. 

2. The leaves of the sulphur-deficient plants were definitely chlorotic. 

3. Yield of the sulphur-deficient plots was appreciably less than the yield 
of the plots with adequate sulphur. 

4. Yield of the sulphur-deficient plots was improved by fumigation with 
sulphur dioxide. This source of sulphur was less efficient than sulphate for 
purposes of nutrition, at the concentrations applied. 

5. Yield of the fumigated plots which had adequate amounts of sulphate 
in the nutrient solution was statistically the same as the yield of the un¬ 
fumigated checks. 

6. The root systems of the plots (lid not vary as greatly in weight as did 
the crops. In 1941, the check roots were heavier than the corresponding 
fumigated roots in seven out of eight pairs. 

7. Net assimilation data from carbon dioxide exchange measurements 
confirmed the yield data. 

8. Transpiration values, calculated from the water losses from the supply 
tanks, fell within a rather narrow range in each experiment, except that the 
low sulphur plots gave appreciably lower results. There was no discernible 
effect due to fumigation in the plots with adequate sulphur. In 1939 and 
1940 the low and medium-low fumigated plots transpired only 5 to 12 per 
cent, more water than their checks, though they had 25 to 84 per cent, more 
top growth. 

9. The water transpired per unit of top growth was greater in first year 
1939 and 1940 crops than in the second year 1941 crops, but the amount per 
unit of total growth including roots was about the same in all three years. 
Transpiration per unit of top growth was particularly high in the sulphur- 
deficient check plots.. The sulphur dioxide fumigations had no appreciable 
effect on transpiration in the plots adequately supplied with sulphate sul¬ 
phur. Summer crops transpired much more water than the spring and 
autumn crops. These relationships w r ere not greatly changed when the 
transpiration values per unit of dry matter were corrected for water 
evaporated from the surface of the sand. 

10. Sulphur analyses of the vegetation showed that absorption of this 
element was increased by increasing the sulphate concentration of the nu- 
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trient solution or by sulphur dioxide fumigation. Absorption was not in¬ 
fluenced by the range of pH considered. Nearly the same amount of 
absorption of sulphur occurred in comparable plots at the low and high 
nutrient levels, but owing to slower growth of the low nutrient plants, the 
sulphur concentrations in them were greater than in the high nutrient 
plants. 

11. The sulphur balance sheet indicated that the plants received some 
sulphur from a source other than the nutrient solution. The amount of the 
unaccounted-for sulphur was least in the high sulphur plots. 

12. The fumigated plants absorbed less sulphur from the nutrient solu¬ 
tion than did the check plants. 

13. With less than 1 p.p.m. sulphate sulphur in the nutrient solution 
there was definite evidence of sulphur deficiency in the plants. Taking the 
“unaccounted for” sulphur into consideration, it appeared that deficiency 
symptoms could be expected under the conditions of these experiments with 
less than about 1.5 to 2.0 p.p.m. sulphate sulphur, if the nutrient solution 
were the only source of the sulphur. 
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experimental work, and to Messrs. Rodney Walker and Milton R. Bernt- 
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POLARIZATION AND STIMULATION OF THE ONION 
ROOT BY DIRECT CURRENT 

L. Joe Beery and Rosalie C. Hoyt 
(with ten figures) 

Introduction 

Previous work has shown (1) that the passage of a constant, positive 
electric current through an onion root (a) increased the positivity of the 
observed 1 electric potential when the current was sent up the root (polariza¬ 
tion) and (b) decreased the observed potential when the current was sent 
down the root (depolarization). This confirmed earlier observations by 
Marsh (11) and was in agreement with similar experiments by Wilks (19) 
and Clark (8) with the Avena coleoptile, Rosene (17) with the Douglas fir, 
and Rehm (15) with Phascolus multiflorus. This effect was due to changes 
within the root and not at the contacts. The magnitude of the change was 
greater when the potential was decreased than when it was increased. 
Moreover, basal segments of the root exhibited smaller responses to a given 
current flow than apical segments. Both hydrogen cyanide and hydrogen 
reduced the inherent electric potential to essentially zero and at the same 
time produced little, if any, change in the action of applied current. These 
effects were reversible. The minimum current required for producing (a) 
or (b) was well within the range of current magnitude that could be main¬ 
tained by the root in an external circuit. It was higher in basal segments 
than in apical segments. With constant current applied for increasing time 
periods, the effect reached a maximum. These results were interpreted as 
being due to an ionic accumulation at “phase boundaries” within the cell. 
This potential due to polarization was shown to be independent of inherent 
potential. Several “anomalous” curves (1, fig. 9) were obtained, however, 
in which there was a decrease with upward current in contrast to (a) above, 
and it was thought that the current acted as a stimulus for the root with a 
resultant negativity in inherent P.D. similar to an effect produced by Marsh 
(12) mechanically in the onion root. Rehm (15) also found such a change 
but only when the applied current was several fold larger than that required 
for polarization. In a series of studies on the effect of applied direct current 
on the potentials of the coenocytic algae, Blinks (4, 5, 6) found that cur¬ 
rents opposing the inherent flow increased the P.D. while series currents 
decreased the P.D. He was able, however, to show that with increased 
opposing current a stimulated condition could be produced in which the 
potential decreased rather than increased. The ease with which this effect 
could be obtained was subject to the previous history of the cells, particu¬ 
larly the ionic constituents of the medium in which they were kept. 

1 The usual convention is to measure the electric potential of the distal contact with 
respect to the earthed proximal contact. 
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In the present report, data will be given which will throw additional light 
on the changes produced in the polarity potential of the root of Allium cepa 
by small applied currents and which confirm earlier observations. It is 
believed that they show: (a), an increased magnitude of applied current 
may stimulate 2 rather than polarize the root and when this occurs the effect 
is reversible; (b), the apical segment of the root is more readily stimulated 
than more basal segments of the root; (c), the size of the response to a given 
amount of stimulating current is reversibly dependent on the time of appli¬ 
cation of current and may even appear as a polarization if time is sufficiently 
long; (d), the magnitude of current required to stimulate rather than polar¬ 
ize a root varies from root to root and seems to be less at lower temperatures; 
(e), a stimulated root is still polarizable; (f), a root whose inherent poten¬ 
tial is lowered by the removal of oxygen can no longer be stimulated by a 
current which stimulated the root in air but is polarized by the same cur¬ 
rent; (g), there is a quantitative difference between polarization and de¬ 
polarization and also a difference in magnitude of these two types of response 
in apical and basal segments; (h), the effects of current flow are relatively 
independent of the age and length of the root; and (i), the “electrodes ’ 9 
within the root responsible for polarization and for stimulation are to a large 
degree different and independent of one another. 

Method 

The apparatus used for this investigation was patterned after that de¬ 
scribed in earlier papers (1, 2) in which the arrangement of the electrodes 
and contacts within the experimental chamber and the electrical circuit and 
switching diagram are described. The potential measuring instrument was 
an RCA Ultrasensitive DC Meter with a sensitivity of two millivolts per 
scale division and could be read to an accuracy of one-fourth division. The 
period of the instrument was three seconds and its stability was excellent. 
Current was measured with a Leeds and Northrop type 2420C galvanometer 
calibrated so that one scale division equalled 0.10 microampere. 

Roots were grown as usual in aerated tap water in an aquarium with the 
onions supported in flanged glass tubes which were held in paraffined wooden 
slats. All roots but one were trimmed from the bulb before it was trans¬ 
ferred to the experimental chamber. The length of individual roots used 
in different experiments varied from 30 to 55 mm. and their diameter from 
0.53 to 0.72 mm. Contacts were moved into place around the root and a 
thirty-minute period of equilibration was allowed before beginning the ex- 

2 For convenience of terminology, polarization will be used throughout this paper to 
signify an increase in positivity of the observed potential when current is sent up the 
root; depolarization will signify a decrease in positivity of potential when current is 
sent down the root; and stimulation will signify a change in potential contrary to these. 
These definitions are in good usage as long as the distal contact is positive to the proximal 
contact but become contradictory when the inherent P.D. is reversed. It is felt that the 
inaccuracies resulting from these arbitrary definitions will be less confusing to the reader 
than strict adherence to the usual meaning of the words. 
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periment. Growth was recorded at thirty-minute intervals throughout the 
duration of an experiment with the aid of an ocular micrometer in a hori¬ 
zontal microscope. The root was always returned to the aquarium at the 
end of a test and its growth again measured the following day. Failure to 
grow was taken as evidence of injury and three experiments were discarded 
for this reason. Electrodes of zinc-amalgam zinc sulphate were used. Pre¬ 
vious work using separate contacts for applying current (1) has shown that 
the effect of current flow is on the root segment between the contacts and 
not at the contacts themselves. Therefore, in the experiments reported here 
the same contacts were employed both for applying current and measuring 
potential. In this way the extreme tip of the root could be included in the 
P.D. measurements. The electrodes were checked at the beginning and end 
of each run to assure their isoelectric and non-polarizable condition. An 
upper glass ring and lower glass cup were used as contacts on the root and 
contained the tap water medium in which the roots were grown. 

To change temperature during an experiment, water in a bath was cir¬ 
culated by means of a small centrifugal pump through a double walled cop¬ 
per experimental chamber. The front and back of this chamber had glass 
windows and the outer wall was heavily paraffined to reduce heat exchange 
with the surroundings. The water was cooled with ice and the temperature 
was regulated manually to within 1° C. A thermometer extending into the 
chamber with the bulb just above the onion was used to follow the tempera¬ 
ture. Room temperature varied between 18° and 29° C. during the course 
of the investigation. This range proved to be of great value in revealing the 
importance of temperature in determining the type of response elicited by 
current; i.e., polarization or stimulation. Control experiments show that 
the electrodes undergo a considerable change in conductivity but remain 
isoelectric over the temperature range used. 

Cylinders of commercial oxygen and hydrogen were used as a source of 
these gases. The gases were saturated with water vapor by sending them 
through gas washing towers before passing them into the experimental 
chamber. 

The strength, duration, and direction of current flow through the root 
was varied from experiment to experiment and at times within a given ex¬ 
periment. During the application of current, no potential measurement 
was made but the switch from the root to the Sensitive Meter was turned to 
the “on” position at the same time the current was turned off. A reading 
was made within three seconds and at 15-second intervals for the first minute 
thereafter. Subsequent readings were made at 30-second intervals. Some 
points were omitted in redrawing the curves for publication if no change in 
the shape of the curve resulted. 

Since the pathways of current flow through a root are not known, the 
current density may not be uniform over a given cross-sectional area and 
may vary along the root axis. For this reason, it is felt that current densi¬ 
ties have an unknown significance and current magnitudes are therefore 
given only in microamperes. 
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Procedures and results 

Effect of current of variable magnitude and constant duration 

ON THE ELECTRIC POTENTIAL WHEN SENT ALTERNATELY 
UP AND DOWN THE ROOT 

With contacts placed at 0 and 5 millimeters above the root tip, current 
of varying strength was sent alternately up and then down the root for 30 
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MINUTES 

Fig. 1. The effect of applied current of variable magnitude on the inherent potential 
of the onion root. Arrows pointing upward indicate positive current sent up the root, 
arrows pointing downward indicate positive current sent down the root. The number 
with each arrow indicates the magnitude of the applied current in microamperes. In 
curve A the contacts were at 0 and 5 mm. and in curve B they were at 5 and 10 mm. on 
the same root, as shown in insets X and Y. The time of current flow was 30 seconds. 










376 


PLANT PHYSIOLOGY 


seconds and the change in potential was followed. The periods between the 
application of current were four minutes for the lower magnitudes and eight 
minutes for the higher magnitudes. Curve A, figure 1, is typical of the 
results obtained. Inset X, figure 1, shows the position of the contacts on the 
root. Upward current when sufficiently small (0.20 microampere) polar¬ 
ized the root but as the magnitude was increased in small increments to 0.70 
microampere, it stimulated the root. With a reduction in current, a return 
to the polarizing effect showed almost a perfect reversibility. This reversi¬ 
bility was further emphasized by the subsequent stimulating and then polar¬ 
izing action of the current as it was again increased and decreased. When 
current was sent down the root, only'depolarizations were produced and the 
magnitude of the potential change was dependent, at least in part, on the 
strength of the current. However, 0.56 microampere depolarized the root 
almost as much as 0.75 microampere. Attention is called to the fact that 
the decrease in inherent potential is greater when the root is stimulated than 
it is when depolarized even though in both cases a negative potential is ini¬ 
tially observed. It must also be emphasized that the absolute magnitude 
of current necessary for stimulating the root is different for different roots 
and temperatures. The contacts were raised on the same root to 10 and 15 
millimeters above the tip, inset Y, figure 1, and curve B (fig. 1) was obtained. 
All time intervals between current flow were four minutes. This more basal 
segment was not stimulated with upward current even though 1.05 micro¬ 
amperes were used; but there is an indication of slight stimulation, as shown 
by the small downward cusp, when the maximum current passed up the root. 
This type of response, however, is more evident in other curves. 

A comparison of the magnitude of polarization with depolarization when 
currents of comparable strength were used in the apical segment verify an 
earlier observation (1) that the former is less than the latter even though in 
the earlier observation the absolute magnitude of current as well as time 
of application were different. The same relation to a less marked degree 
holds for the basal segment. It is also seen that the amount of depolariza¬ 
tion, particularly, is less for a given current in a basal segment than in an 
apical segment (1). 

A COMPARISON OF THE EFFECT OF CURRENT ON VARIOUS SEGMENTS 

OF THE ROOT 

To further emphasize the differential behavior of a polar system to the 
same current, four five-millimeter segments of the same root (0 to 5 mm., 
3 to 8 mm., 5 to 10 mm., and 10 to 15 mm.) were subjected to the same cur¬ 
rent successively. Insets W, X, Y, and Z in figure 2 show the positions of 
the contacts on the root that gave curves A, B, C, and D, respectively. 
Curve A' was obtained by returning the contacts to position W. The cur¬ 
rent was sent alternately up and then down the root with eight minutes 
betSlreen each application. With this particular root, 2.00 microamperes for 
30 seconds were required for a stimulating current (curves A and A') but 
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only the first five millimeters of the root showed this type of response while 
the second segment gave some indication of being only partially stimulated 
(curve B). The two more basal segments, like the one in figure 1, were only 
polarized and depolarized (curves C and D). 

The depolarization was progressively less as more basal segments were 
used if curve A' is taken as typical for the apex. The failure of curve A 
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MINUTES (cont) 



Fig. 2. A comparison of the effect of a stimulating current on various segments of 
the root. The direction of the arrows indicates the direction of applied current. The 
magnitude of the current was 2.00 microamperes and the duration of flow was 30 seconds. 
The positions of the contacts on the same root were: curve A, 0 .and 5 mm.; curve B, 3 
and 8 mm.; curve C, 5 and 10 mm.; curve D, 10 and 15 mm.; curve A', 0 and 5 mm. 
(insets W, X, Y, Z). 

to show this characteristic suggests that a partial stimulation occurred with 
downward current but its effect was masked by the depolarization imposed 
on it. This of course assumes that when the contacts were returned to posi¬ 
tion W, the proximal cells of the segment were less easily stimulated than 
originally and therefore the depolarizations in curve A' were greater than 
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those in curve A. Evidence for such a suggested change in irritability is 
to be found in the work with alternating current (3). Polarizations were 
again less than depolarizations except in D, where they were essentially 
equal. As shown in curve 9, this seems to be somewhat characteristic of 
more basal segments. 

Effect of current of constant magnitude and variable time on 

THE OBSERVED POTENTIAL OF DIFFERENT SEGMENTS OF THE ROOT 

Curve A of figure 3 was found by placing the contacts at 0 and 5 milli¬ 
meters above the tip of the root, inset X, figure 3. Curve B and inset Y of 
figure 3 show the result with a segment 5 and 10 millimeters above the tip 
of a second root. The time scale refers to the absolute value only for curve 
A with zero time beginning at 120 minutes for B. The time interval be¬ 
tween application of current in all curves was 8 minutes. 

Opposing current of 0.40 microampere was sufficient to stimulate the 
root of curve A when applied for 5 seconds. There was no appreciable 
change in the magnitude of the decrease in inherent potential when the 
periods of application were 10, 15, and 30 seconds. When current was sent 
up the root for one minute, however, the initial potential was the same after 
current flow as before but there was a subsequent drop and recovery which 
gave evidence of a stimulated condition. Increasing the current to 1.00 
microampere with the same root reveals that the maximum decrease in P.D. 
as a result of stimulation was obtained within 5 seconds and that it became 
less as the duration of current flow was increased to 10 seconds. For 30, 
60, and 120 seconds there was an initial polarization but with a subsequent 
total fall in potential much below the initial value. Recovery was almost 
complete after the 30-second application but was obviously incomplete after 
the two longest periods. There is a reversal of electrical polarity during 
this time and current sent up the root decreases the P.D. to about zero but 
increases the positivity of the apical contact (see footnote 2). This root was 
still capable of being stimulated even though the inherent potential was 
negative when current passed up the root for 15 seconds. Time periods as 
short as it was possible to work the switches (not shown on curves), failed 
to give any indication that there was an initial polarization preceding stimu¬ 
lation similar to that found by Bunks (5, 6). In his technique it was pos¬ 
sible to apply current and make potential readings simultaneously. It is 
apparent from this curve that a stimulated region is still polarizable and that 
the observed potential change following applied current is an apparent alge¬ 
braic summation of two oppositely oriented changes induced in the system. 
The response to stimulation must be the more rapid change of the two since 
it is the first to appear. 

Since Berry (1) showed 8 the magnitude of polarization for a given cur- 

a 0.50 microampere was the only current used in the earlier study except in determin¬ 
ing tjj^e threshold of polarization. Similarly, the duration of current flow was kept at 60 
seconds except for the investigation of the magnitude of polarization as affected by time. 
The choice of these two values was dictated by the results of Marsh (11) in which he 
found these values to be without injury and to render decisive results. 
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rent increased with time up to about one minute then, in this case, as the 
duration of current flow increased the change in potential due to polariza¬ 
tion became greater and the observed effect of stimulation diminished. How- 



Fio. 3. The effect on inherent potential of current applied for varying lengths of 
time. The direction of the arrows indicates the direction of the* applied current. The 
numbers with each arrow indicate the magnitude of current in microamperes, and the 
duration of current flow in seconds ('). The positions of the contacts were: curve A, 
0 and 5 mm. (inset X); curve B, 5 and 10 mm. (inset Y). Curves A and B were ob¬ 
tained with different roots. 


ever, these results may also be attributed in part to some type of change in 
the cells along the root axis in which the response to stimulation decreases 
with time of current flow. Such an effect has been found with AC. ( 8 ). 
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The similarity between the changes produced in curve A when 1.00 micro¬ 
ampere was sent up the root for 60 and for 120 seconds, indicates that for 
a given set of conditions the effects due to stimulation and to polarization 
reach a maximum value and hence give a constant change. No doubt one 
of the causes for the earlier failure (1) to find more roots that were stimu¬ 
lated (“anomalies”) may be attributed to the use of 60-second periods of 
application. In several curves, the resultant potential change after current 
flow was similar to that in curve B after 1.00 microampere was applied for 
30 seconds. The behavior of the potential in curve B, figure 1, following 
upward current of 1.05 microamperes, mentioned above, is apparent. 

Depolarizations of the root by 0.40 microampere increased as the dura¬ 
tion of current flow was lengthened to 60 seconds. The shorter applications 
show some variations of small magnitude but differences from one depolari¬ 
zation to the next with constant conditions make these have doubtful sig¬ 
nificance. With 1.00 microampere, however, it was found that, contrary to 
the results when current passed up the root, the stimulating effect of down¬ 
ward current becomes more noticeable with longer time periods. The fail¬ 
ure of the 15-second interval of flow to stimulate after the 120-second inter¬ 
val had stimulated the root shows that the effect was not necessarily due to 
some injury or abnormality. Moreover, the stimulation of a root with 
downward current suggests that the region in the root in which the current 
enters (in this case the upper contact) is the one more readily stimulated. 
This interpretation probably accounts for the failure to obtain an increasing 
depolarization with 1.00 microampere as the time of current flow increased 
from 5 to 30 seconds. 

Curve B is typical of a segment of root in which no stimulation was 
apparent with the magnitude of current used. Potential alterations pro¬ 
gressively increased with time and were in accord with earlier results (1). 

Effect of decreasing the time between applications of current 
ON the response of inherent potential to current flow 

In the previous section, the result of increasing the time period of cur¬ 
rent flow through the root gave results which are interpreted as being due 
to a summation of oppositely oriented responses. The ability of a stimu¬ 
lated root to polarize is demonstrated in the present section. Curve A of 
figure 4 was obtained with the contacts at the apical 5 millimeters, inset X. 
This particular root required 1.50 microamperes for stimulation as indi¬ 
cated by the first part of the curve. The duration of current flow in all 
cases was 15 seconds. The root was stimulated at 8-minute intervals and 
after the fourth time the same magnitude of current was sent up the root 
one and one-half minutes later and again after two minutes. Following an 
eight minute recovery period, the three applications of current with the 
short time intervals between were repeated and so on. In the first two cases 
both the first and the second application of current stimulated the root. The 
third application gave rise only to a polarization. In the rest of the series, 



BERRY AND HOYT: POLARIZATION AND STIMULATION OF ONION ROOT 381 


only the first of the current applications stimulated and the other two polar¬ 
ized the root. Thus, before recovery from stimulation is complete, it is pos¬ 
sible to polarize the root with the same current. Failure of the two more 




MINUTES (cont) 



response of inherent potential to current flow. The direction of the arrows indicates the 
direction of the applied current. The numbers at the arrows give the magnitude of the 
current in microamperes. (Where no number is given, the current was the same as that 
last indicated.) The duration of current flow was 15 seconds. Curves A, B, and C were 
all obtained with the same root and the positions of the contacts were: Curve A, 0 and 
5 mm.; curve B, 5 and 10 mm.; curve C, 10 and 15 mm. (insets X, Y, Z). 

basal segments (5 and 10 millimeters, and 10 and 15 millimeters up the 
same root, insets Y and Z) to behave in the same way is shown in curves 
B and C, respective! j r (fig. 4). The level of polarization reached in B is 
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essentially the same for all applications of current. In C, with each succes¬ 
sive current flow in a series of three, there is an increase in the absolute 
potential reached but the magnitude of polarization is approximately equal. 
Figure 5 presents the results from an apical 5-millimeter segment of 
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tween 16 and 30 minutes and eleven times between 76 and 96 minutes caused 
a progressively steeper and slightly larger polarization during the first five 
applications in each series and then produced an essentially constant polari¬ 
zation in the remaining applications. With the magnitude of current raised 
to 2.00 microamperes between 140 and 155 minutes and applied eight times, 
all polarizations were essentially alike. This suggests that the charges re¬ 
sponsible may be built up gradually with weaker currents to a constant 
polarization while with stronger currents the initial application achieves a 
maximum effect. Since it has been shown (1) that increasing duration of 
flow raises polarization to a maximum, it would be expected that increasing 
the magnitude of current should have a similar effect. 

Depolarizing current of 1.50 microamperes was applied eleven times be¬ 
tween 40 and 60 minutes and again between 110 and 130 minutes. In the 
first series not only were smaller depolarizations produced but the type of 
potential change was altered as the electrical polarity decreased and then 
became practically constant. In the second series, however, a similar pro¬ 
gression of changes was altered in the last three applications by a rather 
sharp rise in the inherent potential. There is no reason to think that polar¬ 
izing or depolarizing currents are capable of causing any change in the 
spontaneous fluctuations in potential that exist in the absence of any known 
external stimuli (2), and hence may alter the observed effect of applied cur¬ 
rent. The series of depolarizations with 2.00 microamperes between 170 and 
190 minutes is somewhat similar to the above. It should be noted that at 
the end of this series polarizing currents were applied three times and the 
first, as well as the second to a smaller degree, increased the potential with¬ 
out any appreciable fall to a lower value (see also curve B). 

Roots capable of being stimulated were treated in a manner similar to 
the above and curve B, figure 5, is typical of the results obtained. The 
contacts were placed as shown in X, figure 4. 2.00 microamperes upward 
current stimulated the root but polarized it after the third application. The 
same intensity of current sent down the root at the end of this series pro¬ 
duced a perfectly normal depolarization. Successive depolarizations pro¬ 
duced changes similar to those in curve A but with less regularity in the 
sequence. Then the final passage of current up the root following the above 
was again effective in restoring the electrical polarity before normal polariza¬ 
tions were obtained. 

The initial fall in potential immediately following the passage of current 
down the root that sometimes occurs before the rise in potential, appears in 
several cases in figure 5 (see also figs. 2, curve A; 6; 7; 10). The mechanism 
involved in this effect of current flow is not understood but the explanation 
that seems most likely on the basis of our present knowledge is that a small 
stimulation has been produced and summed with a depolarization. A more 
rapid recovery from stimulation must occur initially and thereby reduce the 
potential before recovery from depolarization restores the potential. A 
similar type of change following the passage of current up the root on the 
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other hand would depend upon polarization recovery occurring more rapidly 
than stimulation recovery. However, since AC (3) response may also have 
an initial downward cusp preceding the rise, a differential rate of recovery 
in apical and basal cells may be the whole basis of such changes in the poten¬ 
tial ; i.e., in the absence of any but a stimulating action. 

Effect of temperature on the “threshold” of stimulation 

IN APICAL AND BASAL SEGMENTS OF THE ROOT 

From observations of the effect of room temperature in summer and win¬ 
ter on the “threshold” of stimulation of roots, it was considered desirable 
to test experimentally the changes produced by temperature on a single root. 
The technical difficulties involved warrant a brief description. The circula¬ 
tion of cold water through the copper jacket used as a chamber for this part 
of the work caused a condensation of water vapor on the inner wall. This 
drying action gave rise to a shrinkage of the root as the temperature was 
lowered. On raising the temperature, there was a condensation of moisture 
on the root which lagged behind the chamber in warming. In order to avoid 
desiccation, the lower cup contact was raised around the root to a height 
of about 20 to 25 millimeters during the hour in which the temperature was 
first reduced. No shrinkage was observed during this time but growth was 
usually less than normal. A perfect equilibrium between water vapor and 
the air within the chamber was not reached since upon resuming the experi¬ 
ment at the end of this time slight shrinkage was observed. This shrinkage 
was not more than 0.30 millimeter for the entire period at the low tempera¬ 
ture, and with the later increase in temperature normal growth was resumed. 
The check on growth the following day showed that only one root was dam¬ 
aged by this treatment. 

In order to determine the effect of the shrinkage alone on “threshold” 
air at room temperature was dried by passing it over anhydrous calcium 
chloride and then circulating it through the chamber. An equivalent 
shrinkage was obtained. Of five roots thus treated, only one gave a lower 
“threshold” of stimulation while three had a higher “threshold.” (There 
were no exceptions to the results with temperature.) With this evidence 
plus some checks in which roots were placed in test tubes of water and trans¬ 
ferred to the refrigerator for several hours before use, it is considered cer¬ 
tain that temperature has the effect described below. It is also true that 
the difference in the behavior of the same lot of onions in summer and winter 
is in accord with the other results. 

In figure 6, the behavior of an apical five-millimeter segment of root to 
temperature and current is shown (inset X, figure 4). The current was 
passed through the root for 30 seconds each time and was alternated up and 
down. Both 1.50 and 2.00 microamperes stimulated the segment when sent 
up the root at room temperature (21°-22° C.). When the temperature was 
lowered to between 10° and 12° C., 1.00 microampere upward current par¬ 
tially stimulated the root and did stimulate it when passed downward. Both 
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1,50 and 2.00 gave greatly augmented responses when passed up the root 
but only the latter when passed down. 1.00 microampere again applied at 
intervals during the next hour stimulated the root when sent in either direc¬ 
tion but particularly when sent upward. After an interval, as designated 
by the time scale, the temperature increased with a resultant fall in the ease 
of stimulation and during the final period at room temperature it was not 





Fig. 6 . The effect of temperature on the * * threshold 9 ’ of stimulation. The arrows 
indicate the direction of applied current up or down the root. The number with each 
arrow indicates the magnitude of the current in microamperes. The application time was 
30 seconds, and the contacts wore at 0 and 5 mm. The temperature scale is given on 
the right, and the variation of temperature with time is given by the broken curve. 


possible to stimulate the root as easily as it was at the beginning. Attention 
is called to the abnormally high P.D. observed in this root at the lower tem¬ 
peratures. This is in contrast to the effect of temperature on potential 
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reported for the frog skin by Lund and Moorman (10) and for Valonia by 
Marsh (14). Blinks (7), on the other hand, reports an increase in the 
potential of Valonia both at low and high temperatures with a minimum 
P.D. in between the extremes. With an onion root, however, the potential 
of which is measured in air and is subjected to the drying mentioned above, 4 
it is unlikely that any real significance should be attached to the magnitude 
of P.D. observed at any temperature. As shown by Rosene (16), the pres¬ 
ence of water around a part of the root shunts the E.M.P. of these cells and 
adds or subtracts from the total electrical polarity of the system depending 
upon the orientation of the electrical gradient of the shunted segment. 
Since a slight surface film of water is* normally present on the root, the 
change of humidity accompanying temperature alterations might alter the 
action of temperature alone on potential. The root represented in figure 6 
is the only one of this series that exhibited such a marked alteration in inher¬ 
ent potential. 

More typical of the response of the polarity potential to a lower tempera¬ 
ture are the two curves in figure 7. Curve A is from the first 5 millimeters 
of the root tip with the contacts as diagrammed in inset X, figure 4. The 
initial temperature was between 24° and 25° C. and only polarizations and 
depolarizations were produced respectively when current of as much as 2.00 
microamperes passed up or down the root. A decrease to between 12° and 
13° C. found 0.50 microampere giving a very large stimulation as an oppos¬ 
ing current but only a depolarization when in series. One microampere 
stimulated the root when sent in either direction. Results with 1.25 micro¬ 
amperes were not as clear. It is believed that the failure to obtain clear-cut 
stimulations may be attributed to current of too great an intensity polariz¬ 
ing or depolarizing the root after stimulation had occurred (compare fig. 3). 
A shorter application of current would probably have revealed a response 
similar to that in curve B below. 

The effect of temperature on a basal segment is not as marked as on an 
apical segment [compare the AC results of Berry and Hoyt (3) ]. Typical 
of this behavior is the 10- to 15-millimeter region (inset Z, fig. 4) that was 
used on several different roots like the one shown in curve B, figure 7. No 
stimulations were produced by the current passing in either direction at the 
higher temperatures. At the lower temperature, polarizations became pro¬ 
gressively smaller as the current increased by increments of 0.50 from 1.00 
to 2.00 microamperes. Partial stimulations of increasing magnitude were 
doubtless responsible. Note that this is contrary to the condition at both 
the warmer temperatures. All three downward applications of current at 
about 11° C. clearly caused a visible stimulation which was rendered obvious 
by decreasing the time of flow through the root to 5 seconds. 

For any given root, it is clearly shown that a reduction in temperature 
makes the apical region more irritable. The amount of current required for 

* No consistent potential change in any given direction was observed in the series of 
experiments with dry air; however, an increased positivity did result in some cases. 
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the demonstration of this effect varies from root to root even when they have 
been grown side by side in the aquarium. It is not surprising, therefore, 
that under these conditions roots are found which are unstimulative with 
2.00 microamperes even at the relatively low room temperatures at which 
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Fig. 7. The effect of temperature on the relative response of apical and basal seg¬ 
ments to applied current. The arrows indicate the direction of the applied current. The 
number with each arrow gives the magnitude of the current in microamperes. Current 
was applied for 30 seconds and the positions of the contacts were: curve A, 0 and 5 mm .; 
curve B, 10 and 15 mm. The temperature variation is given by the broken curves. Two 
separate roots were used for curve A and curve B. 

the vast majority of roots are stimulated. In spite of these variations in the 
behavior of a few roots, it is generally true that larger currents were re¬ 
quired for stimulation in summer than in winter. The higher room tem¬ 
perature in Texas coupled with the duration and amount of current employed 
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Fig. 8. The effect of hydrogen and oxygen on the response of inherent potential to 
applied current. The arrows indicate the time at which current was sent up the root. 
The numbers with the arrows give the magnitude of the current in microamperes. (When 
no number is given the current was the same as that last indicated.) Current was ap¬ 
plied for 30 seconds and the contacts were at 0 and 5 mm. The vertical lines give the 
time at which the circulation of hydrogen or oxygen was begun. 


Effect of hydrogen and oxygen on the stimulating action 

OF AN APPLIED CURRENT 

The amount of current applied up the root was increased until stimula¬ 
tion occurred and then hydrogen gas was passed through the experimental 
chamber. A drop in observed potential was produced accompanied by a 
resultant transition from stimulation to polarization after current flow. 
Typical of this behavior of roots is the curve presented in figure 8. Con¬ 
tacts were at 0 and 5 millimeters above the tip (inset X, fig. 4). Current 
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was applied for 30 seconds with a 4-minute interval between applications. 
The perfect reversibility of this action is clearly demonstrated by the repe¬ 
tition of hydrogen administration. The admission of hydrogen and hence 
the change from stimulation to polarization required a longer period the 
second time because oxygen had to be replaced rather than air as originally. 
The action of these gases in producing the changes in inherent potential 
described by Rosene and Lund (18) is nicely illustrated. The large rebound 
in oxygen after a period in hydrogen is quite prominent the second time 
oxygen is admitted. The initial drop that precedes this rise is also com¬ 
monly observed. 

Since the removal of oxygen from the root causes the transition from an 
irritable to a polarizable condition, it was considered of interest to ascertain 
the effect of a prolonged period without oxygen on the response of the root 
to applied direct current. Would it be possible to observe a decrease or loss 
of the polarizability of the root under these conditions? If not, would the 
reality of the reported difference in the absolute magnitude of polarization 
and depolarization as well as the difference between these effects in the ab¬ 
sence of any stimulation in apical and basal regions become apparent? The 
answers to these questions are found in the curves in figure 9. These curves 
are typical of those found with four different roots. Note that the time 
scale in this figure has been changed in order to confine the results to a 
single page with each panel two hours rather than one. The current was 
passed alternately up and then down the root for 15 seconds and eight min¬ 
utes elapsed between applications. One fifty-minute gap in readings was 
allowed for recovery and may be found between 280 and 330 minutes. 

With the contacts at 0 and 5 millimeters above the root tip as shown 
in inset X, the usual change from stimulation to polarization is seen soon 
after the hydrogen started passing through the chamber, curve A. No ap¬ 
preciable alteration in depolarization accompanied this change. The inher¬ 
ent potential fell to a small negative value during the first 50 minutes of 
this period and then began to rise slowly throughout the remaining 80 min¬ 
utes, finally reaching a potential of 10 millivolts positive. From 100 to 160 
minutes the polarizations were smaller than the depolarizations but both 
were increasing in size. While hydrogen was still passing through the 
chamber, the contacts were raised to 10 and 15 millimeters above the tip of 
the root (inset Y). It is seen that the polarizations were also smaller than 
depolarizations (curve B) but the difference was not as pronounced as in 
the apex. Moreover, the magnitude of the basal polarizations and depolari¬ 
zations were less than those of the apex. When the contacts were returned 
to 0.0 and 5 millimeters above the tip with the root still in hydrogen there 
was no further increase in potential over the next 35 minutes and both 
polarizations and depolarizations reached a constant and steady value 
(curve A'); the difference in magnitude of the two persists. 

Oxygen was circulated through the chamber beginning just before 240 
minutes. Instead of the usual “overshooting” phenomenon which is seen 
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Pig. 9. The effect of hydrogen and oxygen on the relative response of apical and 
basal segments to applied current. The arrows indicate the direction of the current which 
was applied for 15 seconds. The numbers give the magnitude of the current in micro¬ 
amperes. (When no number is given the current was the same as that last indicated.) 
The positions of the contacts were: curves A, 0 and 5 mm. (inset X) and curves B, 10 
and 15 mm. (inset Y). The -vertical lines give the time at which the circulation of 
hydrogen or oxygen was begun. All the curves were obtained from the same root. 
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in figure 8, there was only a small abrupt rise followed by a consistent and 
appreciable fall in potential that reached nearly 30 millivolts negative over 
a 35 minute period (curve A'). Moreover, there was no return to stimula¬ 
tion by upward current during this time but the polarizations and depolari¬ 
zations decreased in size and became more nearly equal. Following the 
50-minute recovery period, during which time no readings were made, there 
was an increase in potential to a positive value as seen in curve A". The 
depolarizations were similar to the original ones in air but only a small 
polarization and a slight stimulation were produced when current passed 
up the root. The behavior of the basal segment (curve B') was not very 
different from that in hydrogen except that the changes in potential pro¬ 
duced by the current were essentially equal and slightly smaller than before. 
The contacts were finally returned to the apex and curve A'" was obtained. 
It is seen that there was no complete recovery of the initial irritability but 
a definite return in that direction was made. 

Effect of age on the response of the root to direct current 

On three successive days the same root was tested with the same amount 
of direct current passed alternately up and then down the root for 15 sec¬ 
onds with 8 minutes between each application. The root was returned to 
the aquarium after each experimental period and permitted to grow. The 
results from two of the five roots so treated are given in figure 10. The 
contacts were at 0 and 5 mm. above the tip in all cases. The lengths were 
as follows: the first root for curve A, 30.4 mm.; curve A', 37.6 mm.; curve 
A", 50.0 mm.; and the second root for curve B, 30.4 mm.; curve B', 43.8 
mm.; and curve B", 57.3 mm. The diameter of both roots remained un¬ 
changed. Remarkably consistent results were obtained in all roots. In 
every case the only effect of age was a slightly greater change in potential 
following current flow in the longer, older roots. This took place without 
any significant difference in the magnitude of the inherent potential. The 
only root that failed to be definitely stimulated with upward current was 
the one in curve A when 1.00 microampere was used at 40 minutes. The 
slight polarization that occurred did not reappear in either A' or A". Since 
the magnitude of the response to 0.50 microampere increased slightly in 
some cases on successive days it might well be that the “threshold” of 
stimulation was lowered but this was not tested. It seems reasonable to 
assume on the basis of these results, however, that the range of root lengths 
used in this investigation yield quite uniform results. 

Discussion 

Small direct currents when passed through the root are capable of pro¬ 
ducing two entirely different types of changes in the observed potentials of 
the system. One type of change would be expected to occur at any electrode 
at which electric charges can be separated. Hence the existence of polariza¬ 
tion or depolarization following current flow would be anticipated on the 



392 


PLANT PHYSIOLOGY 


basis of well known physical-chemical facts. The oppositely oriented poten¬ 
tial changes following current flow would be expected, however, only as a 
result of alterations of membranes or phase boundaries which serve as elec¬ 
trodes within the cell. Such an explanation is the well known and generally 
accepted interpretation of muscle and nerve action potentials in biology. 




Fig. 10. The effect of root length on the response to applied current. The arrows 
indicate the direction of the current, which was applied for 15 seconds. The numbers 
give the magnitude of the current in microamperes. The contacts were at 0 and 5 mm. 
Curves A, A', and A" refer to one root on three successive days, and curves B, B', and B" 
refer to another root on three successive days. 

The recovery process in nerve and muscle following a stimulation is thought 
to consist of* restoration of the electrode (plasma membrane) across which 
the charges are separated. This process has been shown to be dependent on 
oxidative metabolism. An examination of our results in the light of this 
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interpretation makes it apparent that additional considerations are required. 
It may well be that the difficulties are due at least in part to the complexity 
of a multicellular root as compared to single muscle or nerve cells. It is 
also true, however, that strict agreement should not necessarily be expected 
between plant and animal tissue. 

For any root capable of being stimulated, it has been shown that the 
transition from polarization to stimulation is dependent upon the magnitude 
of the current. If the electrodes involved were the same for polarization 
and stimulation this would be anticipated. Similarly, if we were dealing 
with the same electrical system and the response to applied current depended 
upon the size of the current, this response would be altered by the condition 
of the system at the time the current was applied. In other words, a stimu¬ 
lated region or one whose potential was reduced to essentially zero by re¬ 
moval of oxygen should not be polarizable. Under both conditions it is 
shown that polarization is still possible (figs. 4, 5, 8, 9). Also, the polariza¬ 
tion that may follow a longer flow of current than that required for stimu¬ 
lation (fig. 3) is in keeping with the above observations. It is not known, 
however, whether these observations are due to the presence of two different 
electrical systems within the root, one of them capable of being stimulated 
and the other only polarizable under the conditions of these experiments, or 
whether they are due to the same electrical system which is capable of under¬ 
going rapid and marked changes in irritability depending upon the imme¬ 
diate previous treatment of the root. Cells three millimeters or more above 
the tip are less easily stimulated than those nearer the apex. In fact, with 
AC stimulation ( 3 ) it has been found that of the first 5 mm. of the tip only 
the first millimeter will give a potential change and it is as great a change 
as that given by the entire 5 mm. for a given amount of current. The 
polarization immediately following a stimulation or that in hydrogen might 
very well be explained by a decrease in the potential of cells in the region 
of the basal contact rather than an increase in the potential of the cells near 
the apical contact. This interpretation is based on the experiments of 
Rosene which show that the E.M.F. observed is an algebraic summation of 
the E.M.F. of all cells between the contacts. Therefore, with the apical cells 
stimulated it would be necessary either to reduce the potential of the more 
basal cells or to increase the potential of the apical cells by means of a non- 
oxidative, non-irritable system in order for the current flow to increase the 
potential. 

It is certainly clear that stimulation requires oxygen while polarization 
occurs to even a greater extent in its absence (fig. 9). As in muscles and 
nerves, the restoration of the “electrodes” which break down during the 
passage of current depends upon oxidative processes. The work of Lund 
( 9 ), and Marsh ( 13 ) linking the origin of bioelectric potentials to oxidative 
metabolism has definitely established that such a dependency exists. The 
disagreement among the workers in this field concerns the nature of the 
linkage. This series of experiments requires that any theory must include 
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some mechanism whereby the intimate dependency between oxygen and 
stimulation is explained. Similarly, a mechanism that permits polarization 
and depolarization with or without oxygen and independent of the magni¬ 
tude or polarity of the inherent potential must be considered. For this last 
reason, it is thought most likely that within the root it is possible to have 
both an oxygen sensitive and oxygen insensitive electrical structure or sys¬ 
tem. The integrity of the electrodes or phase boundaries responsible for 
polarization and depolarization must be independent of oxygen for several 
hours at the tension maintained in the experiment. On the other hand, the 
mechanism of stimulation is inoperative within a short time after the re¬ 
moval of oxygen. According to the discussion above regarding the identity 
of the two “electrodes” a choice is required between the possibility that all 
(or most) basal regions have an oxygen insensitive electrical system, which 
is contrary to the observations of Rosene and Lund (18) even though they 
found that the apex was more sensitive, or the possibility that the two sys¬ 
tems exist simultaneously. The gradual increase in potential which always 
occurred with a long period in hydrogen after the initial fall particularly 
points toward the idea that ionic differences independent of any oxidative 
processes may be at least partially responsible for applied current effects 
under these conditions. 

Summary 

1. The response of the inherent potential of onion roots to applied direct 
current depends upon the direction and magnitude of the current flow. 
Weak currents passed up the root cause polarizations but as stronger cur¬ 
rents are used the potential may decrease. This effect is reversible. Down¬ 
ward currents usually depolarize the root but may, if sufficiently large and 
under some conditions, increase the potential. There is a marked variation 
in individual roots as to the size of current required for the different types 
of response. In fact some roots only polarize and depolarize without ex¬ 
hibiting the stimulative changes. The apical segments of the root, i.e., those 
involving the first few millimeters of the tip, are more readily stimulated 
than more basal segment#. 

2. Short applications of current produce larger stimulations than longer 
applications. This effect is largely reversible. If the current is applied 
for sufficient time a polarization may result. Since a stimulated root may 
be polarized when current is applied before recovery is complete, it is sug¬ 
gested that the total response of the inherent potential to current flow may 
be an apparent algebraic summation of a stimulation and polarization with 
the latter increasing as time of flow increases. 

& Temperature of the environment is an important factor in determin- 
ifij^lfie nature of the response of a root to current flow. Lower tempera¬ 
tures render a root more easily stimulated, especially the apical segment.’ 
There is considerable variation in the behavior of individual roots in this 
respect, however. 
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4. A root which is stimulated in air by current flow can only be polarized 
in hydrogen. This is perfectly reversible as oxygen replaces the hydrogen 
and may be repeated several times with consistent results. In the absence 
of any detectable stimulating effect of current in an atmosphere of hydro¬ 
gen, it is found that the magnitude of polarizations is less than depolariza¬ 
tions in any given root segment and that both are larger in apical segments 
than the corresponding change in basal segments. 

5. No appreciable change in the response of inherent potential to current 
flow is produced by growth of the root between 30 and 55 mm. and thus the 
individual variation of roots may not be attributed to this factor. 

6 . It is suggested that polarization and depolarization resulting from 
current flow are due to the accumulation of free ions at “electrodes’’ within 
the root. These 11 electrodes ’ 7 are not dependent upon oxygen for their 
integrity nor are they affected by stimulation. On the other hand stimula¬ 
tion must depend upon the breakdown of oxygen-sensitive “electrodes.” 

It is with pleasure that we acknowledge the technical assistance of Miss 
Atiileen R. Jacobs during part of this investigation. 

Bryn Mawr College 

Bryn Mawr. Pennsylvania 
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PREPARATION OP SYNTHETIC COMPOSTS FOR 
MUSHROOM CULTURE 1 

B. B. Stolleb 

(with two figures) 

Introduction 

Horse manure and its straw bedding is the standard medium in com¬ 
mercial mushroom culture today. Since horse manure has become scarce 
and increasingly costly in our automobile age, attempts have been made to 
find substitutes during the past twelve years. In order to produce an eco¬ 
nomical and competitive “artificial manure’’ or “synthetic compost” it is 
necessary to use other wastes, especially industrial and agricultural by¬ 
products. The method of preparing synthetic composts described in this 
paper has been tested over a period of five years; several thousand tons have 
been prepared, and the yield has been as good as or better than that from 
horse manure composts. 

The history of “artificial manures” began in 1923 when Richards and 
Hutchinson (5) patented a method for preparing “nitrogen fertilizers” 
from straw and inorganic nitrogen. In a later patent (6) phosphates also 
were included. The gist of their method is that 3.6 lb. of nitrogen, prefer¬ 
ably in a soluble form, should be added to 500 lb. of straw; larger quantities 
of nitrogen produced a high alkalinity which checked the decomposition of 
the straw and caused a loss of nitrogen. In 1930, Lambert (3) and Hein 
( 2 ) attempted to use this method for preparing a compost for mushroom 
culture. The yield of mushrooms they obtained from such composts was 
less than one-half of the yield from horse manure composts. Their investi¬ 
gation demonstrated that normal mushrooms could be produced from an 
artificial manure even though the yield was unsatisfactory. 

Later Waksman and Reneger (15) prepared synthetic composts by add¬ 
ing alfalfa and ammonium phosphate to straw. Their aim in this use of 
alfalfa was to facilitate the decomposition of the straw by adding to it a 
“green material” with a high moisture content. The yield of this compost 
was 70 per cent, of that of a manure compost. They also prepared composts 
of tobacco stems and straw*; the yields of these were variable. 

Recently Sinden (7) prepared synthetic composts consisting of wheat 
straw, urea, and wheat. Urea was selected as a source of nitrogen in prefer¬ 
ence to other compounds because it left “no inorganic residue.” The wheat 
was added to help retain the heating capacity of the compost. The best 
yields he obtained with such composts were about two-thirds of the yields 
with manure composts, per square foot of bed surface. 

This brief review of the attempts to prepare synthetic composts for mush¬ 
room culture shows that only nitrogen has been considered significant, so 

1 This paper is a contribution of the L. F. Lambert Research Laboratory, Coates- 
ville, Pennsylvania. 
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that the composts prepared by these investigators are essentially the same 
as the “nitrogen fertilizer” of Richards and Hutchinson. Comparatively 
slight attention has been given to the need for phosphates and no attempt 
has been made to observe the necessity for potassium salts. The composts 
of these investigators refer only to specific mixtures; no means are provided 
whereby materials other than those specifically mentioned might be substi¬ 
tuted. Thus it would be hazardous to deviate from any specific combination 
since the function of each constituent used is not fully understood. While 
these investigators have increased our knowledge of synthetic composts, they 
have not developed a compost which will consistently produce a yield of 
mushrooms equal to or greater than that produced by a compost of horse 
manure and its straw bedding. 

j Basis of present method 

The basis for the method of preparing synthetic composts in the present 
investigation was to analyze both the medium (horse manure) and the 
product (the mushroom) for their chief chemical constituents, and then seek 


TABLE I 

An average analysis of horse manure and its straw bedding 


Mineral constituents 

Percentage, dry basis 

Amount in one ton 
(70% moisture) 


% 

lb. 

N . 

2.0 

12.0 

P.O.. 

1.0 

6.0 

k 2 o. 

2.7 

16.0 


to produce synthetically a medium which would contain these significant 
constituents. The composition of horse manure is variable. When numer¬ 
ous samples have been analyzed, however, and when the analyses are com¬ 
pared with those of other investigators, a workable average may be obtained 
as shown in table I. The analysis of the ash and organic matter of the mush¬ 
room is shown in table II. These analyses show that nitrogen, phosphorus, 
and potassium are present in significant quantities in both the medium and 
the product, and must all be used in preparing synthetic composts. 

As a result of extensive experimentation, it has been found that a ton 
of synthetic compost with 70 per cent, moisture should contain about 13 lb. 
N, 4 lb. P 2 0 5 , and 10 lb. K 2 0. It would seem, then, that manure contains 
more P 2 0 8 and K 2 0 but less N than is necessary to produce the largest yield 
of mushrooms. The writer believes the reason for artificial manure, in 
which only the nitrogen factor has been given due consideration, yielding 
normally “when mixed half and half with composted horse manure” ( 4 ), 
is hecause superfluous quantities of P 2 0 8 and K 2 0 are present in the manure. 
The ratio of N to P 2 0 8 to K 2 0 found in the mushrooms (6.4:2.4:4.4) ap¬ 
pears, to be about the same as has been found satisfactory for preparing 
synthetic composts. This analysis of the mushroom may, however, reflect 
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TABLE II 

An analysis of the ash and organic matter of the mushroom (sporophore), 

Agaricus campestris . * 


Mineral 

CONSTITUENTS 
OF ASH (1) 

Percentage 

Organic constituents of 
dry material (13) 

Percentage 


% 


% 

K,0 

43.94 

Ether soluble portion 

5.14 

Na 2 0 

2.31 

Hot water-soluble organic matter 

42.16 

CaO 

1.32 

Alcohol soluble portion 

7.02 

MgO 

0.21 

Hemicelluloses 

13.66 

FeA 

0.24 

Cellulose 

4.86 

MnA 

0.02 

Lignin 

0.92 

AlA 

2.31 

Protein 

40.35 

PA 

24.25 

Nitrogen 

6.44 

Si0 2 

8.23 



Cl 

9.22 



80, 

3.01 




only the specific condition of these constituents in the particular manure on 
which the mushrooms grew. 

The procedure in accordance with the method (10) herein described is to 
analyze the materials to be used in preparing the synthetic composts into 
their N, P-A, and K 2 0 constituents as shown in table III. The straw and 
root composts are equivalent to a ton of manure with 70 per cent, moisture. 
In the computation of these composts, the N, P 2 0->, and K 2 0 in the fibrous 
material is considered first; any deficiencies of these constituents are then 
supplied from various sources. The number of sources is immaterial as long 

TABLE III 

Tabulation of the constituents of synthetic composts 


Licorice root compost 


Materials 

Quantity 

N 


K 2 0 


lb. 

lb. 

lb. 

lb. 

Spent licorice roots (67.5% moisture) 

2000.0 

6.5 

1.0 


Dried brewers ’ grains 

180.0 

7.4 

1.8 


Sulphate of potash (50% K 2 0) 

18.0 



9.0 

Muriate of potash (50% K 2 0) 

3.0 



1.5 

Superphosphate (20% PA) 

7.5 | 


1.5 


Hydrated lime [94% Ca(OH) 2 ] 

6.0 




Totals 


13.9 

4.3 

10.5 


Straw compost 


Rye straw 

500.0 

2.5 

1.0 

5.0 

Wet brewers 9 grains 

660.0 

7.0 

1.6 


Uramon (42% N as urea) 

8.3 

3.5 



Superphosphate (20% PA) 

10.0 


2.0 


Sulphate of potash (50% K,0) 

9.0 



4.5 

Muriate of potash (50% K a O) 

3.0 



1.5 

Hydrated lime [94% Ca(OH) a ] 

9.0 




Totals 


13.0 

4.6 

11.0 
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TABLE IV 

The preparation of synthetic composts with spent licorice roots and various 
sources of nitrogen. The ratio of N: P 2 0 B :K 2 0 is on the average: 15:5:10. 
Superphosphate (20% PA) and sulphate or muriate of potash (50% 

K a O) are used to supplement any deficiencies of phosphorus 

AND POTASSIUM IN THE ROOTS AND SOURCES OF NITRO¬ 
GEN TO ATTAIN THIS RATIO 


Plot 

Sources of nitrogen 

Added 

per 

TON OF 
ROOTS 

Nitro 

gen 

PER 

TON OF 
ROOTS 

Size 

OF 

PLOT 

Mush¬ 

rooms 

per 

plot 

Mush¬ 

rooms 

per 

SQ. FT. 

Com 

MERC1AL 

YIELD* 

PER 

SQ. FT. 



lb: 

lb. 

sq. ft. 

lb. 

lb. 

lb. 

38 

Dried blood 

60.0 

7.8 

48 

Ill 

2.31 

1.73 

40 

Cottonseed meal 

120.0 

8.0 

48 

113 

2.35 

1.77 

41 

Soybean meal 

123.0 

8.0 

48 

141 

2.94 

2.20 

42 

Castor bean meal 

145.5 

8.0 

48 

129 

2.69 

2.02 

43 

Malt sprouts 

189.5 

8.0 

48 

164 

3.42 

2.56 

46 

Beet molasses 

200.0 

2.8 

48 

92 

1.92 

1.44 


Ammoplios 

20.0 

3.2 






Urea 

4.4 

2.0 





47 

Tobacco stems (ground) 

150.0 

3.8 

48 

97 

2.02 

1.52 


Urea 

10.0 

4.5 





48 

Cottonseed meal 

40.0 

2.7 

48 

129 

2.69 

2.02 


Dried blood 

20.0 

2.6 






Urea 

5.5 

2.7 





49 

Dried blood 

7.7 

1.0 

24 

64 

2.67 

2.00 


Cottonseed meal 

15.0 

1.0 






Soybean meal 

15.4 

1.0 






Dried brewers ’ grains 

23.4 

1.0 






Dried yeast 

2.5 

0.2 






Urea 

8.6 

4.0 





49A 

Same as 49 



24 

61 

2.54 

1.91 

51 

Dried tannery sludge 

200.0 

4.0 

48 

119 

2.48 

1.86 


Urea 

8.6 

4.0 





52 

Same as 51 plus { ‘ Ultra Life ’ 1 








—(Vitamin feed cone.) 

10.0 


48 

131 

2.73 

2.05 

53 

t *Uramon ’ 9 (urea with 42% N) 

20.4 

8.5 

24 

27 

! 1.13 

0.84 

53A 

Same as 53 plus 2 lb. more lime 



24 

47 

1.96 

1.47 

54 


22.8 

9.5 

48 

143 

2.98 

2.24 


Chopped straw 

75.0 







Cheese whey 

10.0 






55 

Calcium’ nitrate 

63.5 

9.5 

48 

136 

2.83 

2.13 

58 

Ammonium sulphate 

42.5 

8.5 

48 

None 



59 

Ammonium sulphate 

47.5 

9.5 

24 

59 

2.46 

1.84 


Chopped jeorn cobs 

100.0 







Cheese whey 

10.0 






59A 

Same as 59 plus 2 lb. more lime 



24 

39 

1.63 

1.22 

60 

Dried brewers * grains 

200.0 

8.2 

48 

151 

3.15 

2.36 

66 

Same as 60 plus different source 




« 




of potash 

200.0 

8.2 

48 

148 

3.08 

2.31 

70 

Dried brewers ’ grains 

100.0 

4.1 

24 

71 

2.96 

2.22 


Urea 

9.2 

4.2 





75 

Dried brewers ’ grains 

100.0 

4.1 

48 

157 

3.27 

2.45 


Dried blood 

7.7 

1.0 






Cottonseed meal 

15.0 

1.0 






Soybean meal 

15.4 

1.0 






* * Uramon ’ 9 

4.8 

2.0 
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TABLE IV—( Continued) 


Plot 

Sources of nitrogen 

Added 
per 
ton of 
roots 

Nitro¬ 

gen 

per 

TON OF 

roots 

Size 

of 

plot 

Mush¬ 

rooms 

per 

PLOT 

Mush¬ 

rooms 

per 

SQ. FT. 

Com¬ 

mercial 

YIELD* 

PER 

SQ.FT. 

76 

Same as 75 plus 6 lb. more lime 



48 

163 

3.40 

2.55 

77 

Same as 75 plus 6 lb. more of 








magnesium lime 



48 

139 

2.90 

2.17 

78 

Extracted cocoa cake 

200.0 

6.0 

48 

147 

3.06 

2.30 


Urea 

7.6 

3.5 





79 

Extracted cocoa cake 

100.0 

3.0 

48 

129 

2.69 

2.02 


Urea 

13.0 

6.0 






* Commercial yield: Since the mushrooms, as weighed for the cannery, included the 
stubs, a reduction of 25% is allowed, so as to conform with the weight of mushrooms cut 
for the market. The average weight of the stubs, with adhering soil, is 22% of the 
weight of the mushroom. 

as they add up to the total quantities and ratio desired. Synthetic composts 
prepared from many different sources of N, P 2 O 5 , and K 2 0 gave equally good 
yields. This fact shows that these three constituents are available for the 
most part to the mushroom mycelium in the various sources investigated. 
The writer has observed large particles (of chemicals), which were very in¬ 
soluble in water or in agar medium, oxidized by the growing mycelium. 

In preparing the compost pile, the nitrogenous material is spread or 
sprayed over the surface of the widened heap of fibrous material and forked 
in about a foot. All mineral ingredients are then mixed together, diluted 
with an equal quantity of loam, and spread evenly over the top of the heap. 
The whole mass is then mixed, watered as it is turned, and arranged into a 
pile which will provide the necessary aeration. 

This method of preparing composts by analyzing and tabulating the vari¬ 
ous materials affords a formulation in which various agricultural and indus¬ 
trial by-products may be substituted. In order to compete with a waste 
product like manure, the possibility for substitution is important; it is neces¬ 
sary to have a formula in which the least expensive by-products on the mar¬ 
ket may be used. This method also establishes a basis for the estimation of 
the quantity of a material required in a synthetic compost. 

Materials for synthetic composts 

Since the mushroom is a fungus, an organic source of carbon has to be 
supplied. Straw which has undergone a microbial decomposition is a satis¬ 
factory source. The straw also provides for the mushroom bed the fibrous 
structure which is necessary for the intensely aerobic growth of the mush¬ 
room mycelium. Fibrous materials like spent licorice roots (from which the 
licorice has been extracted) and spent tannery nuts, bark, and leaves (from 
which tannin has been extracted for industrial use) are even more satisfac¬ 
tory than straw. These materials already contain sufficient moisture, are 
suitably subdivided, and require only a short or no microbial decomposition. 
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The use of numerous nitrogen sources for synthetic composts is shown 
in table IV. Composts with some nitrogen sources gave better yields than 
with others. The yields, however, were affected by the composting period 
which, at 30 days, was rather long for these small plots; in a later considera¬ 
tion of the problem of composting it seemed that the yields of some of the 
plots would have been better if the composting period had been shorter. 

Organic nitrogenous materials are preferable to inorganic because they 
serve also as a source of carbon, contain some K 2 0 and P 2 O 5 , and have a 
better heating capacity. A solution of inorganic nitrogenous substances 
absorbed in very finely ground straw or corn cobs, however, is a fair equiva¬ 
lent to the organic material. The selection of a suitable nitrogen source also 
depends, of course, on the cost of the material compared to the yield of mush¬ 
rooms obtained by its use. The quality of the mushrooms produced by the 
use of any specific material is not superficially evident; possible intrinsic 
values are not commercially important at present. 

Some organic nitrogenous materials may be unsatisfactory due to the 
presence of specific toxic constituents as in the case of cocoa shells and cake. 
These materials contain one per cent, or more theobromine which, at this 
concentration, prevents the growth of the mushroom mycelium. When the 
theobromine is extracted, however, as is the practice in the commercial manu¬ 
facture of theobromine, the resulting extracted cocoa cake is a satisfactory 
source of nitrogen. 

In the use of inorganic nitrogenous substances like ammonium salts, 
cyanamide, and urea special precautions are necessary; but nitrates may be 
used freely. Ammonia formed from the former substances persists in the 
compost (due to adsorption) even after the “sweating out process” and pre¬ 
vents the growth of the mushroom mycelium. One of the simplest methods 
for suppressing this excessive ammonification is to absorb solutions of the 
ammoniating substances in finely ground carbonaceous materials as already 
indicated; in this way the transformation of ammonia to microbial proteins 
is assisted; the use of an acidifying material like cheese whey is also helpful. 
If calcium cyanamide is improperly stored, that is, exposed to air so that it 
absorbs moisture and carbon dioxide, it is transformed to calcium dicyano- 
diamide. Composts prepared with dicyanodiamide even prevent the growth 
of the mushroom mycelium. In contrast to ammoniating salts, nitrates are 
not toxic to the mycelium. Nitrates are especially suitable for use with 
fibrous materials which do not undergo extensive microbial decomposition. 
Composts of nitrates with spent licorice roots or spent tannery bark require 
no outdoor composting. 

The variety of sources of the other materials employed in the preparation 
of synthetic composts is comparatively limited. The best source of phos¬ 
phates is superphosphate. Besides the fertilizer grades of potassium chlo¬ 
ride and sulphate, the ash of various plant materials such as cottonseed 
hulls, and the ash of the sludge of alcohol distilleries may also be used. Cur¬ 
rent investigations, which will be reported at a future date, indicate that the 
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“minor elements” are related to disease control. The addition to composts 
of yeast and vitamin concentrates failed to significantly increase the yield; 
the vitamin content of the mushroom, however, may have been increased. 


TABLE V 

The effect of potash, phosphate, and lime on the yield of mushrooms when added 
to a synthetic compost consisting of spent licorice roots • 
and brewers 9 GRAINS 


Plot 

Fertilizer salts per ton of compost 

Mush¬ 
rooms 
per 24 

SQ. FT. 

Mush¬ 

rooms 

per 

SQ. FT. 

Average 

k 2 so„ 

50% 

K a O 

KOI, 

50% 

k 2 o 

Super¬ 
phos¬ 
phate, 
20% P 2 0 B 

Hydrated 

lime, 

94% 

Ca(OH) 2 


lb. 

lb. 

lb. 

lb. 

lb. 

lb. 

lb. 

61 

18 

3 

5 

None 

65 

2.71 

2.6 

81 





58 

2.42 


62 

38 

3 

None 

6 

52 

2.16 

2.1 

82 





50 

2.10 


63 

None 

None 

5 

6 

38 

3.60 

1.4 

83 





27 

1.13 


64 

38 

3 

5 

6 

55 

2.30 

2.4 

84 





59 

2.46 


65 

18 

3 

5 

3 

60 

2.50 

2.6 

85 





62 

2.60 


66 

18 

3 

5 

9 

58 

2.42 

2.4 

86 





57 

2.38 


67 

18 

3 

2.5 

6 

74 

3.10 ~ 

2.7 

87 





56 

2.34 


68 

18 

3 

7.5 

6 

50 

2.10 

2.3 

88 1 





59 

2.46 


69 

12 

o 

5 

6 1 

48 

2.00 

2.1 

89 




i 

54 

2.25 


70 

24 

4 

5 

6 

49 

2.04 

2.0 

90 




j 

49 

2.04 


71 

None 

None 

None 

None 

32 

1.33 

3.1 

91 





21 

0.88 


72 

1 < < 

< < 

< < 

6 

21 

0.88 

0.8 

92 





16 

0.67 


73 

i i 

< < 

5 

None 

31 

1.30 

1.4 

93 | 





35 

1.46 


74 

18 

3 

None 

< < 

50 

2.10 

2.1 

94 





52 

2.16 


75 

None 

None 

t i 

< < 

22 

0.92 

0.9 

95 





23 

0.96 


Manure C 

< < 

i i 

<< 

i i 

52 

2.16 


“ I) 

< ( 

< < 

< i 

< ( 

50 

2.10 

2.3 

“ E 

t i 

i i 

1 < 

< < 

60 

2.50 


a y 

11 

i i 

i ( 

i i 

56 

2.34 



The effect of potash 

Synthetic composts of spent licorice roots as shown in table III afford an 
excellent opportunity to test the effect of potash on the yield of mushrooms. 
Practically all of the potash has been washed out of the licorice roots during 
the hot water extraction; similarly, most of the potash is removed from the 
brewers’ grains during the extraction of the malt. Furthermore, the spent 
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licorice roots are ideal for plot experiments; the roots have been cut into 
1 - to 2-inch lengths and vary from fine threads to fibers f inch in diameter. 
The roots retain moisture evenly and handle easily. An eight-ton mixture 
of the roots and brewers’ grains was prepared and composted for a month. 
At the end of this time the pile was divided into 16 heaps; potash, superphos¬ 
phate, and lime were added to these heaps; they were then thoroughly mixed 
and split into two plots as shown in table V. The duplicate plots were 
placed on different shelves in the mushroom house. 

The results of the effect of potash are shown in table V. Due to over¬ 
composting and cooling of the compost when making up the plots, the mush¬ 
room house did not heat properly during the sweating out process. As a 
consequence, insect trouble was encountered and the yields were not alto¬ 
gether satisfactory. The effect of the addition of potash, however, is clear: 
by its use the yield was almost double that of plots to which only N and P 2 0 5 
were added. Other experiments with plots containing a ton of compost sub¬ 
stantiate this conclusion. The effect of adding phosphates is not distinct 
because some three-fourths of the phosphates required were already present. 
Lime had no effect on the yield under the conditions of this experiment^ 

Composting 

After all the necessary ingredients are supplied the next important step 
is the fermentation or “composting” of the materials. The process of com¬ 
posting consists in the microbial decomposition of the carbonaceous mate¬ 
rials, in the synthesis of microbial proteins, and in the conditioning of the 
fibrous materials to absorb and retain moisture. Waksman and Nissen 
(14) have shown that as a result of the composting of manure there is a 
reduction in water-soluble substances, hemicelluloses, and to less extent in 
cellulose. This is accompanied by an increase in lignin, total nitrogen 
(which is present chiefly in the form of insoluble microbial proteins), and 
ash. The experiments of Waksman and Iyer (12) indicate that lignin and 
microbial proteins form complexes. It appears that the nitrogen of these 
ligno-protein complexes is unavailable unless the lignin is oxidized. It is 
assumed that the mushroom mycelium can oxidize lignin because the lignin 
content of the compost decreases as a result of the growth of the mycelium. 
The writer (11) has observed that the mycelium forms highly colored prod¬ 
ucts when lignin, tannin, and many aromatic hydroxy and amino compounds 
are added to an agar medium. These colored products appear to be the 
result of oxidations by the mycelium. The mushroom mycelium has strong 
oxidizing powers which enable it to utilize the insoluble nitrogen of the ligno- 
protein complexes by oxidizing the relatively toxic lignin. Since the my¬ 
celium has a nitrogen source at its disposal which is unavailable to most of 
the microorganisms present in the compost heap, it is able to consume the 
carbonaceous materials not used previously. 

The length of the composting period is of paramount importance, al¬ 
though the determination of the length is still an art. The experienced 
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grower considers the composting sufficient when the manure has a dark color 
(indicating the liberation of lignins by the consumption of other constitu¬ 
ents) and when the tensile strength of the straw in the manure is low (indi¬ 
cating that the straw can absorb and retain water). Prom the point of view 
of preparing synthetic composts the length of the composting period is 
influenced by the nature and subdivision of the fibrous material, by aeration 
of the compost pile, and by the use of lignin and tannin extracts. These 
factors will now be considered. 

When the fibrous material is the same as that present in manure com¬ 
posts, i.e.y straw, then the composting period is relatively long—about 4 to 5 


TABLE VI 

The effect of chopping the straw of synthetic straw composts on the yield of 

MUSHROOMS (AS SHOWN IN TABLE III) 


Plot 

Long 

straw 

Chopped* 

straw 

Bed 

surface 

Mush¬ 

rooms 

Mush¬ 

rooms 

Commercial 

YIELD PER 


per plot 

per sq ft. 

SQ. FT. 


lb. 

lb. 

sq. ft. 

lb. 

lb. 

lb. 

1 

2000 

2000 

696 

2484 

3.57 

2.7 

2 

2000 

None 

384 

1273 

3.32 

2.5 

4 

250 

250 

48 

142 

2.96 

2.2 

4A 



48 

142 

2.96 


5 

None 

500 

48 

98 

2.04 

1.7 

5A 


1 

48 

115 

2.40 


12-2 

200 

250 

36 

96 

2.67 

2.11 

12—2 A 



45 

132 

2.93 


12-3 

None 

450 

39 

111 

2.85 

2.11 

12-3 A 



1 36 

103 

2.84 


12-4 

450 

None 

! 50 

101 

2.00 

1.81 

12-4 A 



50 

138 

2.76 


Check 

Manure 


3600 

12003 

3.33 

2.5 


* Straw was chopped 'with a hammer mill, using a one inch screen, 
t These results are typical of 4 or more replications in which different nitrogen 
sources were used. 


weeks. It is necessary to cut the straw in order to facilitate the retention 
of heat and moisture both during the composting period and during the 
“sweating out process’’ (8). Cut straw is also easier to handle; long straw 
binds and is laborious to turn. By subdivision of the straw the length of 
the composting period may be reduced. Before adding the various ingredi¬ 
ents to the straw, its moisture content is conveniently brought up to about 
50 per cent, by placing a revolving lawn sprinkler on top of the straw pile, 
which should be about 6 ft. high. It is sprinkled until water leaches from 
the pile; the watering is continued for several days. Rye and wheat straw 
are preferable to oat straw or corn stover since the latter have a tendency to 
lose their fibrous structure when the microbial decomposition has proceeded 
to the stage where moisture is retained well. 
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The effect of chopping the straw on the yield of mushrooms is shown in 
table VI. The results show that chopping the straw caused a reduction in 
the number of square feet of bed surface and also a reduction in the yield 
for a given quantity of straw. The reason for the plots with the entire 
straw chopped giving less mushrooms per plot is because all the plots were 
composted for an equal length of time; the plots with all chopped straw com¬ 
posted faster than the plots in which the straw was partially or not chopped. 
When the chopped straw was arranged in plots with the same bed surface 
area as the partially chopped straw (plots 4 and 5), the yield per sq. ft. of 
bed surface was greatly reduced. If allowance was made for the shrinkage 
due to the rapidity of composting (all the beds made up to a six-inch depth 
regardless of the resulting surface area) and if the composting period was 
shorter as in plots 12-2,3,4, then there is no marked difference in yield. 

TABLE VII 

The effect of the length of composting and the ventilation of licorice root 

COMPOST ON THE YIELD OF MUSHROOMS 



Date of 
ARRANGE¬ 
MENT OF 
PLOT, 

1938 

Number 

Number 
OF TIMES 

compost 

WAS 

TURNED 

Compost 

Bed 

SUR¬ 

FACE 

Mush- 

Mush- 

Com¬ 

mercial 

yield 

per 

SQ. FT. 

Plot 

OF DAYS 

COM- 

IN PLOT 

WHEN 

ROOMS 

PER 

rooms 

per 


POSTED 

ARRANGED 

PLOT 

SQ. FT. 





lb. 

sq. ft. 

lb. 

lb. 

lb. 

B-l 

Aug. 18 

16 

3 

950 

48 

167 

3.48 

2.60 

B-2 




48 

163 

3.40 

2.54 

B-5 

Aug. 25 

8 

2 

950 

48 

187 

3.90 

2.92 

B-6 




48 

179 

3.73 

2.79 

B-7 

Sept. 1 

2 

1 

950 

48 

115 

2.40 

1.79 

B-8 




48 

80 

1.67 

1.25 

B 

Aug. 17 

17 

3 

25000* 

1416 

2871 

2.03 

1.52 

2t 

Oct. 26 

2] 

3 

22000* 

1152 

4336 

3.76 

2.82 


* Approximately. Each of these piles is typical of 3 others prepared at the same 
time. 

t Ventilator placed in pile at the second turning. 


Even though a larger yield for a given quantity of material is obtained from 
composts of long straw, the best commercial practice is to cut the straw in 
view of the disadvantages of using long straw. 

The composting period is comparatively brief when the fibrous materials 
are spent licorice roots or spent tannery bark, nuts, and leaves. The reason 
for these materials requiring less composting is that their chemical compo¬ 
sition is more or less similar to composted manure; i.e., a large percentage 
of lignin or tannin and cellulose, and a small amount of easily decomposable 
carbonaceous matter. These materials contain about 65 per cent, moisture 
when purchased, and have other desirable qualities already described. They 
make better composts than straw. 

Synthetic composts prepared with spent licorice roots and composted for 
15 days in 1937 gave commercial yields of 2.5 lb. per sq. ft. of bed surface, 
when prepared in plots of a top. or less. As a result, large piles of licorice 
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root compost, as plot B in table VII, were prepared the next year. The 
yields of the large piles were unsatisfactory; however, small plots (B1 to B8, 
table VII) arranged at the same time to determine the length of the com¬ 
posting period gave good yields. It was evident, then, that the composition 
of the synthetic compost was satisfactory, but that the method of composting 
was improper. The small piles had a relatively large surface exposure and 
only a small “core” removed from the atmosphere, so that almost all parts 
of the small piles received good aeration; the reverse was the condition pres¬ 
ent in the large piles. By placing a ventilator, made of a lattice-work of 



Fig. 1. Cross section of synthetic licorice root compost pile without ventilator. 
Measurements were made after composting 12 days, at the second turning. 


Zones 

Moisture 

pH 

Temper¬ 

ature 

Side of pile 

Top of 
pile 

CO a 

o. 

C0 2 


% 


°F. 

% 

% 

% 

1. Wet-ammonia 

75 

8.2 

120 

2.5 

17.4 

8.0 

2. Fire fang 

63 

7.9 

140 

7.8 

12.1 

11.0 

3. Dark brown 

64 

8.1 

165 

14.1 

5.8 

15.5 

4. Sour-green 

64 

5.8 

160 

24.3 

0.2 

22.0 

5. Very sour-green . 

66 

5.2 

140 

24.9 

1.6 

22.2 


wood, in the center of the pile good aeration was also obtained in the large 
piles. The yields from the aerated piles was satisfactory as shown in plot 2, 
table VII. The conditions of moisture, pH, temperature, and aeration 
before and after placing a ventilator in the large piles is shown in figures 
1 and 2. When preparing composts with straw the problem is to compress 
the straw as much as possible in order to prevent too much aeration from 
drying out and cooling the straw compost, whereas with closely packed 
materials like licorice roots it is necessary to make special provisions for 
aeration. Stoller, Smith, and Brown (9) demonstrated that manure could 
be composted in about 7 days w r hen good aeration was provided. 

The results in table VII show that the best yields are obtained with small 
piles of licorice root composts by composting for 8 days. Composting twice 
as long reduces the yields somewhat; composting only 2 days reduces the 
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yields drastically and encourages all kinds of mold growth. The large quan¬ 
tity of nitrogen used in preparing these synthetic composts necessitates a 
composting period of some 8 days. While 8 days of composting suffices in 
small piles, about 15 to 20 days are required in large piles with ventilators. 
It is not as simple to obtain proper mixing, watering, and aeration in large 
piles as it is in small ones. 

Since one of the chief functions of composting is to make the nitrogen 
unavailable to most microorganisms by its combination with lignin, the pos¬ 
sibility occurred of achieving this combination without the lengthy microbial 
decomposition. Accordingly, several nitrogen sources as shown in table 



Fig. 2. Cross section of synthetic licorice root compost pile with ventilator. 
Measurements were made after composting 12 days, at the second turning. 


Zones 

Moisture 

pH 

Temper¬ 

ature 

Side of pile 

Top of 
pile 

C0 2 

0 2 

CO. 


% 


°F. 

% 

% 

% 

1. Wet-ammonia .. 

75 

8.2 

120 

3.5 

17.5 

4.5 

2. Fire fang. 

58 

7.7 

140 

12.0 

8.3 

4.0 

3. Dark brown . 

66 

8.0 

160 

9.0 

11.1 

3.0 

4. Dry . 

66 

7.7 


4.5 

15.7 

1.8 

5. Fire fang. 

63 

7.9 

140 

2.4 

18.4 

0.7 


VIII were soaked in solutions of lignin extracts of the paper industry and 
in solutions of tannin extracts. Exact details of the procedure are described 
elsewhere (10). Substances like lignin or tannin are called “coprinating” 
agents. 

The results in table VIII show that when concentrated nitrogenous mate¬ 
rials are soaked in solutions of lignin or tannin extracts, the outdoor com¬ 
posting process is unnecessary. In most cases the yields were better with¬ 
out than with composting when lignin or tannin was used. Some nitrog¬ 
enous materials gave better yields with tannin than with lignin, and vice 
versa. It is interesting to note that the plots with “Uramon” (a Dupont 
product in which the urea is diluted to 42 per cent. N) gave a good yield of 
mushrooms without composting when combined with lignin and tannin. 
















































Synthetic licorice root composts prepared by the combination of tannin or lignin with nitrogenous materials. 

Each plot has a bed surface of 48 square feet 
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Since urea is very toxic to the mushroom mycelium, it may be inferred that 
a real combination did occur between it and the lignin or tannin. The plot 
with yeast combined with tannin showed a much better yield than with yeast 
alone. The probable reason why plots with the brewery sludge alone gave 
a good yield is because it consists of the proteins of the malt which are pre¬ 
cipitated by the tannins of the hops; actually, then, these plots of brewery 
sludge did contain tannin. Sometimes, under the conditions of indoor com¬ 
posting, fair yields were obtained when no lignin or tannin extracts were 
used. But usually such plots ammoniated strongly so that the mycelium 
could not grow, or molds developed and prevented the growth of the myce¬ 
lium. Indoor composting of synthetic composts requires the use of sub¬ 
stances in the nature of lignin or tannin and fibrous materials like spent 
licorice roots or spent tannery bark. The obstacle to the use of this process 
is that the solutions of tannin and lignin are necessarily acid; although the 
finished compost has a pH of 7.0 or higher the presence of acidifying sub¬ 
stances makes such composts more susceptible to the truffle disease of the 
mushroom mycelium to be described later. 

Preparation of the mushroom bed 

In order to obtain good yields it is not only necessary to consider the 
composition and condition of the compost, but also the quantity used in pre¬ 
paring the mushroom bed. The usual commercial practice is to use about 
12 bushels of compost for 24 sq. ft. of bed surface, so that the beds have a 
depth of about 6 inches after tamping. A licorice root compost, which is an 
ideal material for experimentation, as already explained, was used to pre¬ 
pare beds in which the number of bushels for 24 sq. ft. of bed surface was 
varied from 6 to 14 as shown in table IX. The results show that the yield 
increased in almost the same proportion as the increase in quantity of com¬ 
post ; the yield from 12 bushels was almost double that from 6 bushels. In 
another experiment the volume or depth of the bed was kept constant by 
diluting one-half of the root compost with an inert material like spent 
Quebracho wood chips; the result was that the yield was reduced to about 
one-half. Thus it appears that the usual commercial practice of making the 
beds gives the best yields. 

In table IX there is shown also how the bed temperatures vary with the 
quantity of material present in the bed. The bed temperature may be con¬ 
trolled by regulating the quantity of material in the bed. It is necessary to 
attain temperatures of 140° F. in the beds during the “sweating out 
process 19 in order to obtain air temperatures of 125° to 130° F. in the mush¬ 
room house for the purpose of killing pests. The plots with 6 to 8 bushels 
per 24 sq. ft. (table IX) were free of pests because the air temperature was 
125° to 130° F. since most of the beds in the mushroom house had 12 bushels, 
and consequently, a temperature of 140° F. It is evident, then, that about 
12 bu. of compost should be used for 24 sq. ft. of bed surface, not only to 
obtain the best yields but also to obtain the high temperatures necessary for 
killing pests. 



TABLE IX 

The effect of quantity of synthetic licorice root comport per square foot of bed surface on the temperature during THE * i SWEATING OUT 

PROCESS 1 y AND ON THE YIELD OF MUSHROOMS 
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# Average of six successive readings at 12-hour intervals, 
t The average bushel weighed 42 lb. 
t Average. 
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pH of the compost and the control of weed and disease fungi 

The optimum pH for the growth of the mushroom mycelium is 6.5 to 7.0; 
this pH range, however, is very suitable for other fungi so that the pH of 
the compost must be adjusted to prevent weed and disease fungi. The com¬ 
mon green molds which are omnipresent on spoiled food, and which have 
spores that are resistant to high temperatures, are easily prevented from 
growing on the compost by maintaining the pH above 7.0. The many fungi 
that can grow on composted manure or synthetic composts when the pH is 
above 7.0 are all eliminated by the high temperatures attained during the 
‘ ‘ sweating out process’ * with the exception of two: Coprinus sp. (chiefly 
Coprinus fimetarius) and PseudobaTsamia microspora. 

The conditions are ideal for Coprinus sp. when there are sufficient alka¬ 
line minerals in the compost to cause a small liberation of ammonia from an 
abundant supply of nitrogenous matter in the compost and, as a consequence, 
the pH is 8.0 to 9.0. Ammoniating salts and urea are not as toxic to it as to 
the mushroom mycelium. The addition of one liter of 50 per cent, am¬ 
monium hydroxide to 5 sq. ft. of bed surface during the “sweating out 
process” encouraged the growth of Coprinus sp., whereas even 10 per cent. 
NH 4 0H prevented the growth of the mushroom mycelium, though there was 
little change in pH. The control of Coprinus sp. would be achieved by 
acidifying the compost to pH 7.0-7.5, if this procedure were not favorable 
to the other heat resistant fungus— P. microspora. 

Since very little is known about P. microspora, which causes the truffle 
disease of the mushroom mycelium, it is necessary to discuss it in some detail. 
P. microspora cannot grow on a non-sterile manure or synthetic compost, 
even if the compost is acidified so that the pH is reduced to 6.0. It can grow 
only in the presence of or, more likely, on the mushroom mycelium. The 
writer (11) has shown that it is one of the few fungi which can produce 
volatile sulphides. It seems that with the implement of these sulphides this 
fungus can attack the mushroom mycelium. A quinone-like substance con¬ 
tinually volatilizes from the surface of the mushroom mycelium as a result 
of its intense oxidizing activity; this volatile substance acts as a barrier to 
all organisms, except insects and P. microspora, that attack the mushroon 
mycelium (11). The sulphides of P. microspora enable it to reduce the 
quinones so that it can attack, or at least grow in the presence of, the mush¬ 
room mycelium. The reducing ability of P. microspora may be demon¬ 
strated when a chemical like alpha naphthol is added to an agar medium 
and inoculated first with the mushroom mycelium, which causes the agar to 
be colored purple, and then inoculated with P. microspora, which then decol¬ 
orizes the agar. 

The growth of P. microspora on the mushroom mycelium is expedited by 
the presence of acidifying substances and sulphur compounds in the compost, 
even though the overall pH may be 8.0. The mushroom mycelium produces 
acids which reduce the initial pH 8.0-8.5 of the compost to 6.0-7.0. It is pos¬ 
sible that the presence of acidifying materials in the compost assists the evo¬ 
lution of sulphides by P. microspora after the pH of the compost has been 
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reduced by the mushroom mycelium. It has been observed that the addition 
of acidifying substances like mineral acids, gypsum, superhosphate, tannic 
acid, etc., to the compost permits the rapid growth of P. microspora on the 
ensuing mushroom mycelium. When acidifying substances are absent and 
when the compost is properly buffered with alkaline salts, the mycelium of 
P. microspora is greatly retarded in its growth on the mushroom mycelium 
and the spores of this organism usually fail to germinate. 

The large volatilization of ammonia during the “sweating out process’’ 
appears to be an important factor for killing spores of P. microspora . The 
presence of alkaline salts in the compost favors a greater evolution of ammo¬ 
nia. In the attempt by the writer to kill the spores of this fungus by numer¬ 
ous fumigants, such as sulphur dioxide, formaldehyde, chloropicrin, dichloro- 
nitroethane, carbon disulphide, etc., only ammonia was found of value. It 
is necessary, therefore, to prepare synthetic composts with somewhat more 
nitrogen than is necessary to produce the largest yields in order to insure 
a sufficient volatilization of ammonia. It is also necessary to add sufficient 
alkaline salts and adjust the pH at 8.0 to 8.5, not only to assist the evolution 
of ammonia, but also to build up a high buffering capacity of the compost 
for reasons previously described. This condition of the compost, however, 
is highly favorable to the Coprinus sp. It is thus essential to strike a bal¬ 
ance : make the conditions in the compost somewhat more favorable to 
Coprinus than to P. microspora , since the former is less dangerous to the 
mushroom crop. The mushroom mycelium can ultimately grow over the 
mycelial growth of the Coprinus sp. that preceded it; but when P. micro¬ 
spora follows the growth of the mushroom mycelium, the crop is greatly 
reduced or lost. 

. Summary 

A method is described for preparing synthetic compost for mushroom 
culture from various source materials of N-P-K to produce about 13 lb. N, 
4 lb. P 2 Or„ and 10 lb. Iv 2 0 in a ton of fibrous material having 70 per cent, 
moisture, after allowing for the quantities of these three constituents pres¬ 
ent in tiie fibrous material. Several thousand tons of synthetic composts 
have been prepared by this method; it has been tested over a period of 5 
years; and the yield has been as good as or better than that from horse 
manure composts. 

One of the chief inadequacies of previous attempts to prepare satisfac¬ 
tory composts or “artificial manures” has been the omission of potash. By 
the addition of K a O to synthetic composts prepared from spent licorice roots 
and brewers’ grains, the yield was almost double that of similar composts 
to which only N and P 2 O r > were added. 

The effect of potash, various sources of nitrogen, the subdivision and the 
character of the fibrous materials, the duration of and conditions for com¬ 
posting, the quantity of compost in the mushroom bed, and the relation of 
pH to the control of weed and disease fungi on the yield of mushrooms is 
reported. 

A process is described in which tannin and lignin extracts are combined 
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with nitrogenous materials in order to avoid the lengthy outdoor composting 
period and to produce greater yields of mushrooms. 

The writer is grateful for the cooperation of Mr. L. P. Lambert, Mr. 
Jacob M. Green, and Mr. Harry L. Hoffman. The writer is greatly in¬ 
debted to the many companies which furnished by-products; especially, Dr. 
Houseman and Mr. Spiegel of McAndrews-Forbes Co. 

L. F. Lambert Mushroom Spawn and Products 

COATESVILLE, PENNSYLVANIA 
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EFFECT OF BORON IN THE SUBSTRATE ON THE RATE OF 
NITRATE ABSORPTION AND ON NITROGEN 
DISTRIBUTION IN NASTURTIUM 1 

George B. Briggs 
(with one figure) 

Boron was not considered indispensable for the normal growth and 
development of higher plants prior to 1923. In this year Warington ( 32 ) * 
proved conclusively that boron was essential for the growth and normal 
development of Vicia fuba and several other members of the Leguminoseae. 
Subsequent investigators, Johnston and Dore ( 8 , 9 ), McHargue and 
Calfee ( 11 , 12 ), McMurtrey ( 13 ), Siiive ( 24 ) and others have shown that 
a small continuous supply of boron is essential for the vegetative growth 
and reproduction of higher green plants, that the effective range of concen¬ 
tration varies with the species and environmental conditions, and that a 
deficiency of boron produces characteristic abnormal anatomical and cyto- 
logical changes within the plant. 

The purpose of the experiments here reported was to determine the effect 
of boron in the substrate on the rate of nitrate absorption and on the distri¬ 
bution of nitrogen in plant tissues. 

Golden gleam nasturtium (Tropaeolum mu jus, var. florepleno) was 
selected for these investigations because it was found in preliminary experi¬ 
ments that this plant responded very rapidly to a deficiency of boron in the 
substrate (fig. 1). 

Methods 

Seed of uniform size was selected, disinfected with 1:1000 mercuric 
chloride for five minutes, thoroughly rinsed in distilled water, and placed 
between clean moist blotters. When the primary root was 3 cm. long the 
germinating seeds were placed on paraffined nets stretched over a complete 
nutrient solution after the method of Siiive and Robbins ( 25 ). When the 
seedling had three leaves, uniform plants were transferred to paraffined cork 
stoppers ( 25 ) which were placed in holes in paraffined tin tops of one-gallon 
glass candy jars. These culture vessels contained a complete nutrient solu¬ 
tion. The plants were continuously aerated and continuously supplied with 
nutrient solution by the method of Siiive and Stahl ( 26 ). A three-salt 
stock solution of the following composition was used: KH 2 P0 4 , 0.0021 M; 
Ca(NOa) 2 , 0.0042 M; and MgS0 4 , 0.0021 M. 

In the complete solution boron, manganese, and zinc were also supplied 
as boric acid, manganese sulphate, and zinc sulphate, respectively, at the 
rate of 0.25 p.p.m. of solution. Iron was added as ferric tartrate at the rate 
of 1 p.p.m. Enough sulphuric acid was added to make the initial pH of the 
nutrient solution 4.0 to 4.2. 

i Journal series paper of the New Jersey Agricultural Experiment Station, Rutgers 
University, Department of Plant Physiology. 
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The method of determining absorption rates was essentially that outlined 
by Clark and Shive (4). At the end of the absorption interval of nine 
hours the plants were separated into leaf-blades, petioles, stems, and roots 
and the weight recorded. Representative aliquots of the tissue fractions, 
placed in trays, were carefully cut into small pieces and dried at 70° C. in 
an oven through which air was rapidly circulating. Dry weights of the 
fractions were then determined and the tissue stored in air tight bottles. 
The solution in which these plants had been growing and the rinsings of the 
necessary supplementary vessels were collected quantitatively and made to 
volume. Nitrogen determinations were made on aliquots of this solution in 
order to determine the amount of nitrogen remaining in the solution. Since 
a known amount of nitrogen was added, the difference between these two 



Fig. 1. Characteristic appearance of boron deficient (left) and of normal nasturtium 
shoot. 

determinations was the amount absorbed by the plants during the nine hour 
test period. 

Two series of nasturtium plants were used in these experiments. Series 
I consisted of thirty-six-day-old plants; series II of fifty-day-old plants. 
Previous to the time of selection the plants in both series had received a 
complete nutrient solution continuously. This solution was identical with 
the solution in which the normal plants were grown during the absorption 
studies. 

In series I thirty-six-day-old plants were used to study the effect of a 
change of boron concentration in the growth media on the rates of nitrate 
absorption and nitrogen distribution in young nasturtiums over a relatively 
short period of time, fourteen days. Absorption tests were made when these 
plants had been on their respective boron treatments for 4, 6, 8, 11, and 14 
days. 
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Fifty-day-old plants were used in series II to study the effect of a change 
of boron concentration in the growth media on the rates of nitrate absorp¬ 
tion and nitrogen distribution in relatively mature nasturtiums over an 
extended period of time, thirty-one days. Absorption studies were made 
after the plants had been on their respective boron treatments for 7, 13, 19, 
26, and 31 days. 

When the nasturtium plants were selected for the absorption tests, one- 
third were placed in the nutrient solution to which no boron was added 
(group A); one-third continued to receive the solution containing one- 
quarter of a part per million of boron (group B); and the remaining one- 
third were placed in the nutrient solution containing a toxic concentration 
of boron, fifteen parts per million (group C). Twelve cultures, each con¬ 
taining three plants, were grown at each boron level. 

A reduced iron micro-Kjeldahl method was used for the total, and total 
soluble nitrogen determinations. After the nitrogen was reduced ( 14 ), 
two-tenths of a gram of sodium sulphate was added by means of a dry fun¬ 
nel and 1 ml. of concentrated sulphuric acid containing 12 mg. of selenium 
oxychloride per ml. was pipetted into the test tube. The sample was then 
digested and subsequently distilled and titrated. 

Dry, finely ground tissue was analyzed for ammonium nitrogen accord¬ 
ing to the method of Puciier, Vickery, and Leavenworth ( 20 ). 

Nitrate nitrogen determinations were made by using the phenoldisul- 
phonic acid method described by Snell and Snell ( 27 ). 

Results and discussion 

Absorption studies 

Boron deficiency.— The data in table I show the milligrams of nitrate 
nitrogen absorbed in nine hours by nasturtium plants of series I grown at 
three levels of boron for 4, 6, 8, 11, and 14 days. 

It will be observed from a study of this table that a deficiency of boron 
in the nutrient solution has no immediate effect on the rate of absorption 
of nitrate nitrogen. Plants grown in boron deficient solutions for more than 
six days showed a progressive decrease in nitrate absorption, compared with 
normal plants, with the length of time on treatment. While the total nitrate 
nitrogen absorbed per culture by boron deficient plants decreased slightly 
with the length of time of treatment, the total nitrate nitrogen absorbed per 
culture by normal plants increased very markedly. 

The decrease in rate of nitrate absorption by nasturtium plants grown 
in solutions to which no boron was added increased with the severity of the 
deficiency symptoms. The external appearance of the tops of nasturtium 
plants which had been growing for four days in minus-boron solutions were 
quite normal; the roots, however, were light gray in color compared with the 
silvery-white color of the normal roots. At the end of the sixth day very 
definite deficiency symptoms were evident; the terminal growing point of 
the stem was not developing so rapidly and was a darker green than that of 
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comparable normal plants. The roots showed definite signs of injury; the 
large roots were not increasing in length, and the terminal meristems were' 
much darker in color than those of normal roots. In contrast with the long, 
lateral branch roots characteristic of the normal root system, numerous 
short, weak laterals developed behind the injured terminal meristems. This 
lack of development of additional root surface in boron deficient .plants and 
the progressive increase in the extent of the root system of normal plants 
was reflected in the total absorption per culture during the nine-hour absorp¬ 
tion interval. It will be observed from table II that nasturtium plants 
which were grown for six days in solutions without boron absorbed approxi¬ 
mately the same total amount of nitrogen during the nine-hour absorption 
interval as did plants grown in similar solutions for fourteen days. On the 
other hand, the total nitrogen absorbed per culture per nine hours by normal 
plants increased progressively during the period of the absorption studies. 

TABLE II 


Effect of bokon on frfsh weight of roots and total nitrate nitrogen absorbed by 

NASTURTIUMS TRANSFERRED TO BORON TRE\TMENTS WHEN 36 DAYS OLD, SERIES I 



Total frfsti weight of 

Total NO^-N absorbed per cul- 

Days on 

ROOTS PER CULTURE 

TURE OF 3 PLANTS IN 9 HOURS 

boron - 









TREAT- 

P.P.M. BORON 

P.P.M. BORON 

MENT - 





0.0 

0.25 

0.0 

0.25 



gm. 

gm. 

mg. \ 

mg. 

4 

3.89 

5.73 

14.69 

15.34 

6 

4.23 

8.10 

12.28 

15.68 

8 

5.02 

12.02 

12.74 

20.01 

11 

4.48 

20.20 

11.24 

33.70 

14 

6.52 

28.50 

11.63 

38.35 


The absorption data for the second series of nasturtium plants are pre¬ 
sented in table III. These plants were fifty days old when absorption tests 
were started and, although they were not growing as rapidly (indicated by 
the increase in rate of absorption) as the younger plants of the first series, 
the absorption trends are the same. Deficiency symptoms had appeared in 
the roots and tops of minus-boron plants at the time the first absorption tests 
were made. The terminal root meristems of most of the main roots of nas¬ 
turtium plants which were grown in nutrient solutions without boron for 
more than eight days were inactive. They soon acquired the characteristic 
“club-like” appearance as the result of the death of numerous small lateral 
meristems which in many cases never completely penetrated the cortex and 
epidermis. The roots of deficient plants were stunted and thicker than nor¬ 
mal roots and were a dark gray in color. 

Although an absence of boron from the nutrient solution has no immedi¬ 
ate effect on the rate of nitrate absorption by nasturtium plants, the growth 
of normal roots placed in solutions containing no added boron was quickly 
arrested. There seems to be a close correlation between the subsequent de- 



TABLE III 



* These plants were slightly inferior at start of experiment. 
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crease in rate of nitrate absorption and the extent of the root injury since 
the first measurable deviation from the normal rate of absorption was coin¬ 
cident with the first definite external symptoms of injury to the roots. 

Numerous workers ( 21 , 24 , 28 , 29 , 30 , 33 ) have recorded the anatomical 
changes in cells and tissues of the roots of various boron-deficient plants. 
In all of the plants investigated the meristematic tissues were the first to 
show the effects of the absence of boron. An early modification of regular 
mitotic divisions occurs with consequent pathological tissue changes. 

Since a deficiency of boron is first evident in those regions of the root in 
which rapid cytological and histological changes are taking place, it might 
be logical to assume that the decrease in rate of absorption is a result of the 
impaired physiological activity of these tissues brought about by an inade¬ 
quate supply of boron. 

Prevot and Steward ( 19 ) have presented evidence which indicates that 
those cells which are capable of most active growth attain the greatest degree 
of salt accumulation. In the normal root these are the cells of the apical 
segment, the same region which in boron-deficient plants is so completely 
disorganized. 

Boron toxicity. —In preliminary experiments it was found that a con¬ 
centration of 15 parts per million of boron in the substrate produced toxicity 
symptoms in nasturtiums. 

It will be observed from tables II and III that a toxic concentration of 
boron in the nutrient solution has no immediate effect on the rate of nitrate 
absorption; and that when plants are grown in solutions containing a toxic 
concentration of boron, it accounts for the decrease in the rate of nitrate 
nitrogen absorption. 

Effect of boron on green and dry weights and 

MOISTURE CONTENT 

It will be observed from table I that, although there was a progressive 
increase in the average green weight of the plants grown at the three levels 
of boron during the experimental period of fourteen days, at the end of this 
time the plants receiving a quarter of a part per million of boron were far 
superior to those plants grown in deficient and toxic concentrations of boron. 
When this growth criterion was used, the boron deficient plants were inferior 
not only to the normal plants but also to the plants grown in solutions con¬ 
taining a toxic concentration of boron.* The boron deficient plants made 
only two-fifths the growth, on the green weight basis, of normal plants. The 
nasturtiums grown in solutions containing fifteen parts per million of boron 
made only two-thirds the growth of comparable normal plants during the 
fourteen days on treatment. 

The difference observed in the growth response of boron deficient plants, 
as measured by the average dry weight per plant, was not as marked as was 
the case when green weight was used as the growth criterion. The rela¬ 
tively low moisture content of the boron deficient plants (table IV) accounts 
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for the partial masking of the differences between boron treatments when 
average dry weight per plant was used as the measurement of growth. 

Table III also shows the average green and dry weights per plant of the 
plants of series II. It is observed from these data that nasturtiums grown 
in nutrient solutions without added boron for nineteen days were only 
slightly smaller, on the green weight basis, than comparable normal plants; 
but on the same basis (green weight production), the plants grown for 
thirty-one days in nutrient solutions to which no boron was added were much 
smaller than control plants. The nasturtiums grown in solutions containing 
fifteen parts per million of boron were only slightly inferior to comparable 
normal plants at the end of the experimental period (31 days), when aver¬ 
age green weight was used as the growth criterion. 

TABLE IV 

Moisture content of nasturtiums as effected by the boron concentration 

OF the substrate 


Series I 


Series IT 


Days 

on 

TREAT¬ 

MENT 

Age 

of 

PLANTS 

Percents 

MOISTUR 

lGE 

E 

;on 

Days 

on 

TREAT¬ 

MENT 

Age 

of 

plants 

Percentage 

MOISTURE 

P.p.m. bor 

P.p.m. boron 

0.0 

0.25 

15.0 

0.0 

0.25 

15.0 


days 

% 

% 

% 


days 

% 

% 

% 

4 

40 

89.1 

90.0 

89.8 

0 

50 

91.7 

91.7 

91.7 

6 

42 

87.9 

90.2 

88.6 

7 

57 

90.5 

90.6 

90.6 

8 

44 

87.3 

90.6 

89.1 

13 

63 

88.1 

89.9 

89.5 

11 

47 

86.5 

90.7 

90.0 

19 

69 

87.4 

90.6 

90.6 

14 

50 

85.4 

90.8 

90.3 

26 

76 

86.5 

90.8 

89.9 






31 

81 

86.8 | 

90.3 

88.2 


The low moisture content of the boron deficient plants would account for 
the slight difference between the normal and boron deficient plants of series 
II, when average dry weight is used as the growth criterion. There was 
relatively little difference in the average green and dry weights of nastur¬ 
tiums grown in solutions containing 0.25 and 15 p.p.m. of boron. 

A concentration of 15 p.p.m. of boron in the substrate had a more pro¬ 
nounced effect on the growth of young nasturtiums than on mature plants 
when average green weights were compared (tables I, III). It is possible 
that boron accumulated in the leaves of the larger plants to such an extent 
that the active soluble fraction although still in excess of normal boron con¬ 
centration was relatively low in the actively synthesizing regions of the 
mature plants; in the young plants with high absorption rates and a pre¬ 
dominance of actively synthesizing cells the soluble boron content was rela¬ 
tively high. 

The decrease in percentage moisture and corresponding increase in per¬ 
centage dry weight, in terms of green weight (of boron deficient plants), 
would indicate less succulence, less metabolic activity, and the lowest growth 
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rate in boron deficient nasturtiums in comparison with those grown in solu¬ 
tions to which boron was added. Eltinge (6) reports in this connection 
that boron deficient Zea mays plants had a higher percentage dry weight 
than control plants. 

Schmucker (22)' has suggested that boron exerts some control over 
the swelling of plasma colloids, at least in actively growing cells. Jle found 
that the pollen tubes of certain tropical water lilies (Nvmphaea sp.) burst 
soon after forming in a sugar solution of the same concentration as the 
nectar on the stigma of the species under investigation. In the stigmatic 
fluid, of course, they developed normally. He found that the addition of 
0.001 to 0.01 per cent, boric acid prevented the bursting of the pollen tubes 
in the artificial media. In connection with Schmucker work it is inter¬ 
esting to note that Bobko, Matveeva, and Syvorotkin (2), and Bertrand 

TABLE V 

Milligrams of inorg\nic nitrogen per gram of dry weight of 50*d\y-old nasturtiums 

(SERIES I) GROWN FOR 14 D\YS \T THREE LFVELS OF BORON IN NUTRIENT SOLUTION 
CONTAINING NITRATE AS THE SOLE SOURCE OF NITROGEN 


Plant fractions 

Inorganic nitrogen 

\ND TREATMENT 

nh 4 

NO, 

Tot vl 


mg./gm. 

mg./gm. 

mg./gm. 

Leaf Wades 




0.0 p.p.m. boron 

0.0041 

None 

0.0041 

0.25 p.p.m. boron 

0.0039 

0.0765 

0.0804 

15.0 p.p.m. boron 

0.0033 

0.1640 

0.1673 

Stems 




0.0 p.p.m. boron 

0.0086 

0.1173 

0.1259 

0.25 p.p.m. boron 

0.0072 

0.8700 

0.8772 

15.0 p.p.m. boron 

0.0023 

0.6130 

0.6153 

Roots 




0.0 p.p.m. boron 

0.0351 

0.3720 

0.4071 

0.25 p.p.m. boron 

0.0819 

1.0600 

1.1420 

15.0 p.p.m. boion 

0.0364 

0.6620 

0.6984 


and Silberstein (1) found an accumulation of boron in the flowers of apple 
and Lilium candidum , respectively, and that the highest concentrations 
were found in the stigmas of both flowers. 

Warington (33), and Sommer and Sorokin (28) have presented some 
additional evidence which seems to indicate that an initial effect of boron 
deficiency is a change in the water relations of meristematic cells, as indi¬ 
cated by hypertrophy of cambium cells and periblem tissue of roots. These 
observations were made on actively growing individual cells and were 
associated with the first microscopically visible changes resulting from a 
deficiency of boron. 

The data in table IV show that there was a progressive decrease in the 
percentage of moisture in boron deficient nasturtiums with length of time 
of treatment, and it is evident that there was a decrease in growth (average 
green weight per plant) in comparison with normal plants (tables I, III). 
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These results do not substantiate or disprove Schmucker's suggestion be¬ 
cause he was observing the initial changes in individual cells and not the 
ultimate pathological effects on plant tissues. Boron is not the only element 
whose absence from the growth medium results in a decreased moisture 
content; a deficiency of calcium (18) or nitrogen (10,*15, 16) will produce 
similar results. 

Kraus and Kraybill (10) observed that, in general, there was a close 
correlation between total nitrogen, nitrate nitrogen, and moisture; and that 
plants low in total nitrogen and nitrate nitrogen had a low moisture con¬ 
tent. They suggested that a rapid growth rate which resulted in the for¬ 
mation of thin walled cells, and an increased percentage of amphoteric 

TABLE VI 

Inorganic nitrogen in 81-day-old nasturtiums of series II grown for 31 days at 

THREE LEVELS OF BORON IN NUTRIENT SOLUTIONS CONTAINING NITRATE AS THE 
SOLE SOURCE OF NITROGEN, EXPRESSED IN MILLIGRAMS OF NITROGEN 
PER GRAM OF DRY TISSUE 


Plant fractions 

Inorganic nitrogen 

AND TREATMENT 

nh< 

NO, 

Total 


mg./gm. 

mg./gm. 

mg./gm. 

Leaf blades 




0.25 p.p.m. boron* 

0.0045 

None 

0.0045 

0.0 p.p.m. boron 

0.0057 

None 

0.0057 

0.25 p.p.m. boron 

0.0043 

None 

0.0043 

15.0 p.p.m. boron 

0.0036 

None 

0.0036 

Stems 




0.25 p.p.m. boron* 

0.0061 

0.561 

0.5671 

0.0 p.p.m. boron 

0.0297 

0.181 

0.2107 

0.25 p.p.m. boron 

0.0094 

0.426 

0.4354 

15.0 p.p.m. boron 

0.0069 

0.078 

0.0849 

Roots 




0.25 p.p.m. boron* 

0.0341 

1.550 

1.5841 

0.0 p.p.m. boron 

0.0505 

0.597 

0.6475 

0.25 p.p.m. boron 

0.0508 

0.966 

1.0168 

15.0 p.p.m. boron 

0.0264 

0.427 

0.4534 


* Analyses made at beginning of experiment when plants were 50 days old. 


substances was among the factors which would account for a relatively 
high moisture content. Since boron-deficient nasturtiums were low in total 
nitrogen and nitrate nitrogen (tables V, VI), and since a deficiency of 
boron resulted in a decreased growth rate and the formation of fewer, thin 
walled cells, the percentage of amphoteric substances whose water holding 
capacity is relatively large was considerably less than in the rapidly growing 
vegetative tissues of comparable normal plants. This would indicate that 
the lower moisture content of boron deficient nasturtiums in series I and II, 
in comparison with normal plants, was not the direct result of a deficiency 
of boron itself; it was the result of a change in the nitrogen metabolism and 
absorption of boron deficient plants associated with an inadequate supply 
of this element. 
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The effect of boron in the substrate on the distribution 
of nitrogen in nasturtium 

The experimental data presented in this section represent the analysis 
of the tissues of fifty-day-old (series I) and eighty-one-day-old (series II) 
nasturtium plants grown for fourteen and thirty-one days, respectively, in 
nutrient solutions containing a deficient (0.0 p.p.m. B), a normal (0.25 
p.p.m. B) and a toxic (15.0 p.p.m. B) concentration of boron. 

Boron deficiency. —Experimental evidence has shown that in nastur¬ 
tium plants here employed as well as in other boron-deficient plants carbo¬ 
hydrates accumulate ( 9 , 24 , 29 , 30 , 31 ) and the regions of meristematie 
activity ( 3 , 7 , 28 , 33 ) are the first to show symptoms of an inadequate supply 
of boron. Since rapid protoplasm formation is associated with these regions 
of active cell division, it appears logical to assume that the pathological 
phenomena accompanying boron deficiency might very well be associated 
with a disturbance in the nitrogen metabolism. The analytical data of 
tables VII and VIII tend to substantiate this assumption. 

One of the principal uses of carbohydrates is in protein synthesis. 
Therefore, if there is little or no external supply of nitrogen ( 10 , 15 , 16 ) or 
if there is a decrease in the rate of synthesis in all or some forms of organic 
nitrogen ( 17 ), carbohydrates will tend to accumulate. Although it is evi¬ 
dent from the absorption experiments (tables I, III) that boron deficient 
nasturtiums were very much limited in their ability to absorb nitrates, it 
must be remembered that the initial decrease in the rate of absorption of 
plants growing in solutions with no added boron was coincident with the 
appearance of visible injury to the roots. 

A study of table V shows that ammonium accumulated in the leaves of 
fifty-day-old nasturtiums (series I), which had been growing for fourteen 
days in minus-boron solutions. In fact, ammonium was the only form of 
inorganic nitrogen found in the leaves of boron deficient nasturtiums. In 
normal leaves, on the other hand, ninety-five per cent, of the inorganic 
nitrogen was nitrate. This might indicate that nitrate was being reduced 
in the boron deficient nasturtium leaf blades; this reduced nitrogen, how*- 
ever, was not being fully utilized even in the early stages of nitrogen 
assimilation. 

The content of organic nitrogen, both soluble and insoluble, expressed 
as the percentage of total organic nitrogen, was the same in the leaves of 
the boron deficient and normal plants; the actual amount in each case, 
however, was less in the boron deficient plants (table VII). This suggests 
a lower rate of organic nitrogen synthesis in the boron deficient leaf blades 
than in those of the control plants. 

Ammonium also accumulated in the stems of boron deficient plants 
although the total inorganic nitrogen content was very low in comparison 
with normal plants. There was an accumulation of soluble organic nitrogen 
in the stems of boron deficient plants. There was no appreciable difference 
in the ammonium content of boron deficient and normal plants but there was 
an increase in the soluble nitrogen content. 
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The accumulation of soluble organic nitrogenous compounds coupled 
with a disturbance in the insoluble organic nitrogen indicates an interrup¬ 
tion at some stage in the intermediate synthetic processes before protein 
formation in boron deficient nasturtiums. Since, however, there was an 
accumulation of ammonium and carbohydrates, the relatively high content 
of soluble organic nitrogen in the stems, as compared with check plants, 
might also indicate proteolysis. 

On the basis of analyses of leaf blades and stems of the plants of series I 
(table VII) it appears that without an adequate supply of boron the syn¬ 
thesis of organic nitrogenous compounds is retarded in the initial stages 
of the nitrogen assimilatory processes. The analyses of the root tissues do 
not confirm this. 

The distribution of nitrogen in eighty-one-day-old nasturtium plants 
showing boron deficiency symptoms (table VIII) was essentially the same 
as in the fifty-day-old boron deficient plants. In all the organs of the boron 
deficient nasturtium plants of both series except the roots of series I there 
was an accumulation of ammonium when the boron deficient plants were 
compared with normal plants on the basis of their ammonium content. The 
mature plants of series II which were grown for thirty-one days in solutions 
without added boron showed a higher content of soluble organic nitrogen 
in the stems and roots and in the leaf blades on a relative basis than in 
similar organs of control plants. The protein nitrogen was low in the leaf 
blades and roots of boron deficient nasturtiums in comparison with normal 
plants. The accumulation of soluble organic nitrogen compounds associated 
with boron deficiency may be the result of a low rate of protein synthesis. 
Since, however, this distribution of the organic nitrogenous compounds is 
more characteristic of the mature nasturtiums of series II, which were 
grown for an extended period of time (31 days) in solutions without added 
boron, it is quite possible that the change from normal nitrogen distribution 
was due to proteolysis. 

Shive ( 24 ) and Wadleigh and Shive ( 31 ) have shown, as the result of 
extensive microchemical studies on boron deficient cotton seedlings, that 
scattered cells in the tissues of the stem tips became more acid than com¬ 
parable normal cells as deficiency symptoms increased in severity. Although 
no ammonium nitrogen was supplied to these plants, ammonium nitrogen 
accumulated, especially in the more acid cells. They also reported an accu¬ 
mulation of carbohydrates and a progressive degeneracy of the protoplasm 
as the disease symptoms became more pronounced. Johnston and Dore 
( 9 ) have presented data which indicate that the accumulation of carbo¬ 
hydrates, especially in the leaves of boron deficient tomato plants, occurs 
because of injury to the conducting systems. Van Schreven ( 29 , 30 ) also 
suggested that the partial blocking of the conducting systems in tobacco and 
tomato resulting from injury due to boron deficiency impeded the translo¬ 
cation of starch and sugars. In studying the anatomical changes resulting 
from boron deficiency in young sugar beet plants, Rowe ( 21 ) observed that 
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callose (callus) plugs occurred much more frequently in the phloem of 
diseased plants than in the sieve tubes of healthy beets; and that they were 
sometimes frequent in strands of boron deficient plants which did not exhibit 
any other abnormalities. She suggests that their development may be the 
characteristic precursor of the subsequent degeneration in the mature tissue 
of vascular strands. 

The accumulation of both ammonium and carbohydrates and the failure 
of the cells of meristematic tissues to divide and differentiate normally, 
strongly suggests that boron is intimately associated with the initial proc¬ 
esses of nitrogen assimilation. It is evident, therefore, on the basis of the 
data presented in this section, that the presence of boron is one of the essen¬ 
tial factors in the utilization of (reduced) nitrogen in the assimilatory 
processes. 

Boron toxicity. —The distribution of nitrogenous fractions in the tis¬ 
sues of the nasturtium plants of series I and II which showed boron toxicity 
symptoms are included in tables V, VI, VII, and VIII. These plants were 
grown in solutions containing 15 p.p.m. of boron. 

It is observed from the data in table V that the leaf blades of nastur¬ 
tiums of series I showing boron toxicity symptoms contained more than 
tw T ice as much nitrate and less ammonium than did the leaves of comparable 
normal plants. This accumulation of nitrates suggests that nitrate was not 
being reduced as rapidly in the leaf blades showing boron toxicity symptoms 
as in the normal leaves. The fact that no nitrate was found in the leaf 
tissues of the plants of series II regardless of boron concentration does not 
necessarily refute this conclusion; these plants were older than the plants 
of series 1 and were harvested at a different time of year. Table VII shows 
that in series I there was a lower content of insoluble organic nitrogen and 
a higher content of soluble organic nitrogen in the boron toxic leaf blades 
than in those of control plants; a condition similar to comparable leaf blades 
of series II (table VIII). These deviations from the normal condition may 
be due to proteolysis since the leaves showed characteristic boron toxicity 
symptoms. 

Further study of table VII shows that the total soluble nitrogen content 
of the stems and roots of the boron-toxic plants of series I was lower and 
that the insoluble organic nitrogen content of the stems and roots of the 
boron-toxic plants of series I was higher than in those of normal plants. 
This would suggest that a high concentration of boron accelerates the for¬ 
mation of complex nitrogenous compounds in the stems and roots of 
nasturtiums. 

It is significant that the percentage distribution of the various nitrog¬ 
enous fractions in the roots of the boron-toxic nasturtiums of series I and II 
was almost the same (tables VII, VIII). In both cases there was A lower 
content of total soluble nitrogen and a higher content of protein nitrogen 
than in control plants. Since root development was slightly retarded in 
boron toxic nasturtiums and the rate of nitrate absorption was lower than 
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in comparable normal plants (tables I, III), it is possible that there were 
fewer young active cells, and that the increase in insoluble organic nitrogen 
indicated an accumulation of storage protein (15, 17). 

An examination of the data in tables VII and VIII shows that the total 
organic nitrogen content of the roots of both normal and boron-toxic plants 
in series I and of the stems and roots of both normal and boron-toxic plants 
in series II was nearly the same, but that the total organic nitrogen content 
of the leaf blades of boron-toxic nasturtiums of both series was lower than 
in normal nasturtiums. The leaf blades of series II showed the greatest 
external symptoms of injury due to boron. Although no boron determina¬ 
tions were made, it may be assumed from the work of Eaton (5) and Sco¬ 
field and Wilcox (23), that the boron content of the leaf blades showing 
boron toxicity symptoms was relatively high. Eaton found that those tis¬ 
sues which contained the highest concentration of boron manifested the 
greatest injury. Webber (34) has come to similar conclusions as the result 
of anatomical investigations. 

It is evident, then, on the basis of the comparison of the data from 
tissue analysis just presented, that a toxic con centra taion of boron has a 
definite effect on the accumulation of protein nitrogen. 

Summary 

1. Nasturtiums grown in nutrient solutions to which no boron was added 
showed a progressive decrease in nitrate absorption, compared with normal 
plants, with the length of time of treatment. There was no close correlation 
between the subsequent decrease in rate of nitrate absorption and the extent 
of root injury. 

2. Ammonium and carbohydrates as well as soluble organic nitrogen 
accumulated in nasturtiums showing boron deficiency symptoms. It ap¬ 
pears, therefore, that in the absence of an adequate supply of boron the 
amination of carbohydrate derivatives is inhibited. 

3. The proportion of total soluble to insoluble organic nitrogen was 
lower in the stems and roots of plants showing boron toxicity symptoms than 
in control plants. This suggests an accelerated synthesis of complex nitrog¬ 
enous compounds. 

New Jersey Agriculture Experiment Station 
Rutgers University 

New Brunswick, New Jersey 
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CHANGES IN CERTAIN WATER-SOLUBLE NITROGENOUS CON¬ 
STITUENTS OF BURLEY TOBACCO DURING CURING 1 

James R. Young and R. N. Jeffrey 
(with two figures) 

Introduction 

An investigation of the chemical changes that take place in tobacco dur¬ 
ing curing is in progress at the Kentucky Agricultural Experiment Station. 
Attempts are being made to determine what the normal changes are and how 
they are influenced by such variables as temperature and relative humidity, 
which have been shown to influence the final quality of tobacco. A study of 
this type adds to the knowledge of leaf metabolism during starvation and 
drying. Knowledge of the chemistry of curing may lead to methods of pro¬ 
ducing high quality tobacco which have not been found empirically. 

This paper reports the results of experiments on the changes that occur 
in certain water-soluble, nitrogenous constituents of the tobacco leaf during 
curing and of the effect of relative humidity upon these changes in chemical 
composition. Relative humidity was used as the variable rather than tem¬ 
perature because the work of Jeffrey (3) showed that differences in rela¬ 
tive humidity cause larger differences in quality of the tobacco than do dif¬ 
ferences in temperature, within the limits encountered in practical Burley 
tobacco curing. 

Chemical investigations of the tobacco plant have been made in many 
regions where tobacco is an important cash crop but very little of this work 
has dealt with the chemistry of curing. The most complete studies of the 
chemical changes that occur during the curing of tobacco were made by 
Vickery (10, 13) and his avssociates at the Connecticut Agricultural Experi¬ 
ment Station. Primed leaves of a Connecticut shade-grown variety of 
cigar tobacco were cured in a curing shed and analyses were made of the 
leaves at different stages of curing. The analyses included insoluble nitro¬ 
gen, several fractions of the soluble nitrogen, ash, carbohydrates, and ether 
extract. 

In 1914 Garner (2), of the Bureau of Plant Industry, reported on some 
chemical studies of tobacco curing. Both primed and stalk-cured leaves of 
several Connecticut cigar varieties were analyzed before and after curing. 
Analyses included several carbohydrate fractions, several organic acid frac¬ 
tions, several soluble nitrogen fractions, ash, and protein nitrogen. Ash and 
dry matter were expressed as grams per 100 leaves. The other analyses 
were expressed as percentage of dry weight. 

Basis for reporting results 

Since both the total sample weight and the dry weight of the leaves 
change during curing, neither of these forms a satisfactory basis for express- 

i The investigation reported in this paper is in connection with a project of the Ken¬ 
tucky Agricultural Experiment Station and is published by permission of the Director. 
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ing results. Some investigators have expressed their findings as weight of 
component in a given number of leaves. Because of the great variation in 
size of Burley tobacco leaves, even if taken from the same stalk position, it 
would be necessary to take a very large sample to make the sampling error 
negligible. Since it was planned to cure the tobacco in curing chambers 
under controlled conditions, such large samples could not be used. 

Vickery et al. (10, 13) working with primed tobacco expressed their re¬ 
sults as weight of a component per unit weight of the fresh leaves. Their 
method could not be used in this study because the tobacco leaves were cured 
on the stalk. Some investigators have expressed their data as weight of a 
component per unit area of the fresh leaf. This method is the one used in 
the present paper as it is possible to estimate the area of tobacco leaves while 
they are still attached to the stalk. 


Methods 

Determination of leaf area 


The length and width of each of the four largest undamaged leaves on 
each plant were measured to the nearest centimeter before the plants were 
cut and a tag was attached to each leaf indicating its dimensions. Just 
before the plants were cut for the curing chambers, the leaves to be used in 
determining the regression equation relating the product of the length and 
the width to the area were cut from the plants and the midribs removed. 
Different methods of determining the relationship between these dimensions 
and the leaf area were used in the two years in which the study was con¬ 
ducted. In 1939 the lamina (leaf minus midrib) was weighed and plugs of 
known area were removed by means of a cork borer and weighed. The area 
of the leaf was calculated by multiplying the weight of the leaf by the ratio 
of area to weight of the plugs. The constants in the regression equation 
were evaluated by the method of least squares on data from 42 leaves. The 
regression equation is: 


_ °.76x 
y_ 1000 


0.015 


where x = the product of the length and width of the leaf expressed in centi¬ 
meters, and y = the leaf area in square meters. The standard error of esti¬ 
mate o and the coefficient of correlation r xy , were found to be: 

o. = 0.009 m 2 
r xy = 0.96 

Due to the difficulties involved in taking plugs representative of the 
lamina, a different method was used in 1940. The length and width of the 
leaves were measured as before but the area was determined by blue-printing 
the lamina after the midrib had been removed and determining the area of 
the blueprints by weighing them. The regression equation, standard error 
of estimate, and the coefficient of correlation found from the data obtained 
from 100 leaves are: 
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_ 0.65x 
y ~ 1000 


+ 0.006 


o« = 0.007 m 2 
r xy = 0.96 

Though the constants of these two regression equations are of different 
magnitude, the lines which they represent cross near the average leaf area 
so that the results obtained with the two equations are not widely different. 
Each equation, however, was used in calculating the corresponding year’s 
results. 

Wolf and Gross (15) studied structural responses induced by topping 
and suckering. They gave data for 50 tobacco leaves which included mea¬ 
surements of length, width, and area. From their data the following 
regression Equation may be calculated: 


0.63x 
y_ 1000 


^ 0.03 


r xy - 0.99 

Wolf and Gross worked with a variety of flue-cured tobacco. One would 
not expect the regression equation to be the same for different varieties but 
the magnitude of the coefficient of correlation indicates that there is a high 
degree of linear correlation between the area of the tobacco leaf and the 
product of its length and width. 


Sampling 

The analyses were made of leaves from plants of Kentucky Experiment 
Station Burley no. 16 tobacco grown on the Station farm during the seasons 
of 1939 and 1940. In 1939 the plants were cut and speared on August 30, 
but were piled in the field until the next day to wilt. A fresh leaf sample 
was taken at the time of cutting. The tobacco was housed in the air-condi¬ 
tioned chambers described by O’Bannon (6) and used by Jeffrey (3) in 
studies of the effect of different air conditions during curing upon the qual¬ 
ity of cured tobacco. Since these studies showed that the relative humidity 
was more critical than the temperature in controlling the quality of the 
cured tobacco, three different levels of relative humidity were used: one at 
about the optimum (70 per cent.); one above (78 per cent.); and one below 
(59 per cent.). The same temperature was maintained in all eases (75° F. 
or 23.9° C.). 

The tagged leaves from the 6 plants on one stick constituted a sample. 
Since each tier supported 6 sticks it was possible to take one sample from 
each chamber at each of 6 different times during curing, in addition to the 
fresh-leaf sample. The time of sampling for each expressed as hours from 
cutting to sampling is recorded in the first column of table I. 

When the samples were taken, the tagged leaves were examined and those 
damaged in housing were not included in the sample. After the tagged 
leaves were removed, the rest of the stick of tobacco was returned to the 
chamber in order to change the conditions surrounding the next sample as 



TABLE I 

Concentration of certain constituents of Burley tobacco leaf web at different times during the air curing process, 1939 crop, stati 

AS PERCENTAGE OF THE DRY WEIGHT AND AS WEIGHT PER SQUARE METER OF LEAF AREA 
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TABLE II 

Concentration op certain constituents of Burley tobacco leaf web at different times during the air-curing process, 1940 crop, stated 

as percentage of the dry weight and as weight per square meter of leaf area 
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little as possible. The midrib was removed from the leaves of the sample 
and the web was dried as rapidly as possible in a current of air at 67° C. 
The dried leaves were weighed, ground, and stored in waxed paper friction- 
top cartons. Moisture determinations were made and the dry matter per 
square meter of fresh leaf was calculated. Link (5) found that in plants 
dried at 65° C. the only significant alteration of the nitrogenous constituents 
was a decrease in the amount of soluble nitrogen due to coagulation. None 
of the substances determined in this study are coagulated by heat. Link 
did not determine ammonia or amide nitrogen in his study of the effect of 
drying. 

Harvesting and sampling of the 1940 crop followed the same plan; only 
the points of difference will be given. On September 3, 1940 the plants 
were split and cut. The relative humidity of the three chambers was main¬ 
tained at 50, 69, and 86 per cent. In 1939, no significant differences were 
observed in the composition of the samples cured at the different humidities; 
for this reason a wider range of relative humidities was selected for curing 
the samples from the 1940 crop. The results are given in table IT. The 
analyses of the 1939 samples indicated that the chemical changes occurred 
more rapidly in the early stages of curing. Therefore most of the samples 
of the 1940 crop were taken during the early stages of curing. At cutting 
time two additional sticks were cut after their leaves had been measured as 
above and were placed in the barn to constitute the 1940 barn-cured samples. 

Analyses 

Dry matter.— The dry weight per square meter of leaf area was calcu¬ 
lated from the leaf area of each sample, and the oven-dry weight of the leaf 
web of the sample. 

Sulphated ash. —One gram of air-dry ground tobacco was weighed into 
an ignited and weighed porcelain crucible. Ten drops of a 5 to 3 solution 
of sulphuric acid in water were dropped on the sample. The sulphuric acid 
was added to prevent loss of potash by volatilization. The crucibles were 
placed in a cold muffle which was slowly heated to 700° C. Moisture was 
determined on the samples; and the grams of ash per 100 grams of oven-dry 
material (percentage) and the grams of ash per square meter of fresh leaf 
were calculated. ‘ A third determination was made if the duplicates did not 
agree within 3.5 per cent. 

Total nitrogen.— A semi-micro Kjeldahl method was used. The diges¬ 
tion was made by a modification of the official Gunning method of the Asso¬ 
ciation of Official Agricultural Chemists (7). Fifty milligrams of air-dry, 
ground tobacco was introduced into a 100-ml. Kjeldahl flask. Three ml. of 
concentrated sulphuric acid containing 0.1 gm. of salicylic acid were added 
and the material was allowed to stand for 30 minutes with occasional shak¬ 
ing. One-half gram of sodium thiosulphate was added to effect the reduc¬ 
tion of the nitrate nitrogen, and the material was warmed on an electric hot 
plate for 5 minutes. After cooling, 1 gm. of potassium sulphate and a small 
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piece of selenium were added and the mixture was digested 2 hours. On 
cooling, 10 ml. of water were added and the digested sample was washed 
into the Kirk apparatus (4), followed by 6 ml. of 40 per cent, sodium hy¬ 
droxide. The ammonia liberated was steam distilled into a receiver charged 
with 5 ml. of 0.1 N sulphuric acid. The excess acid was back titrated with 
0.05 N sodium hj r droxide. After moisture determinations were made on 
the air-dry samples by drying duplicate 2-gm. samples for 16 hours in a 
vacuum oven at 70° C., the nitrogen was calculated as percentage of oven- 
dry material and as grams of nitrogen per square meter of fresh leaf area. 
Results were not considered acceptable unless the duplicates agreed within 
3 per cent. It was necessary to have the samples finely ground in order to 
obtain this agreement. 

Nicotine nitrogen. —Nicotine was determined by the Avens and Pearce 
(1) modification of the silieotungstic acid method. It was necessary to dis¬ 
till about 45 minutes instead of 30 minutes as recommended by Avens and 
Pearce in order to get duplicates agreeing within 2 per cent. 

Amide nitrogen. —Glutamine N and asparagine N were determined by 
the methods of Vickery, Pucher, and others (12). The amide N was de¬ 
termined on a hot-water extract of the dry tobacco prepared by heating at 
80° C. for 10 minutes (14) . In the case of both amides a third determination 
was made if the duplicates failed to agree within 6 per cent. 

Ammonia nitrogen. —Ammonia N was determined by the method of 
Pucher and co-workers (9). Nicotine interfered with the determination 
by forming a finely divided crystalline precipitate on reaction with the Ness- 
ler’s reagent. This interference was overcome by precipitating the nicotine 
as nicotine silieotungstate following the distillation. The precipitate was 
removed prior to Nesslerization by centrifuging and an aliquot was taken 
for the determination. The precipitate could not be removed by filtering 
as the filter paper contained large enough quantities of ammonia to interfere 
seriously with the determinations. The excess silieotungstic acid caused no 
interference. 

The nitrogen present as ammonia was calculated as percentage of oven- 
dry weight and as milligrams of ammonia N per square meter of leaf area. 
The determination was repeated if the duplicates failed to agree within 5 
per cent. 

Amino acid nitrogen. —Amino acid nitrogen w T as determined by the 
method of Peters and Van Slyke ( 8 ) on the hot-water extract of the dry 
tissue. Ammonia was removed by low-pressure distillation at 40° C. with 
light magnesium oxide prior to the determination of amino nitrogen in the 
Van Slyke manometric apparatus. A third determination was made when 
duplicates failed to agree within 1 per cent. 

Vickery and co-workers (12) found that 80 per cent, of the amide nitro¬ 
gen of glutamine reacted with nitrous acid in the Van Slyke manometric 
apparatus. The total amino nitrogen was calculated by substracting 80 
per cent, of the amide nitrogen of glutamine from the amino nitrogen found 
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by the Van Slyke method. The amino nitrogen other than that of the 
amides which will be designated hereafter as amino acid nitrogen was found 
by subtracting the amino nitrogen of the amides from the total amino nitro¬ 
gen. Amino acid nitrogen was reported as the percentage of oven-dry 
weight and as milligrams of nitrogen per square meter of fresh leaf. 

Results 

Tables I and II give the results for the 1939 and 1940 crops, respectively. 
Some of these results are also presented in graphical form in figures 1 and 2, 
expressed as weight per square meter of fresh leaf. It should be noted in 
connection with these tables and figures that the central leaves of the plant, 
which were analyzed in this work, turned yellow in about 3 to 6 days, and 
brown in 7 to 12 days. The low relative humidity samples preceded the 
higher relative humidity samples in both color changes. 

Analyses 

Dry matter.—A marked decrease in dry matter occurred during the 
first seven days of curing, after which no significant change was observed. 
It seems evident that the regular initial sample for the 1939 crop is out of 
line and that the preliminary fresh leaf sample (designated as PFL) is more 
nearly correct; consequently, the lines in the figures are connected to this 
point though both values are recorded. If this value is used, it may be seen 
that the loss of original dry matter is about 30 per cent, in each year in which 
the experiment was conducted. The preliminary fresh leaf, the initial 1939, 
and the initial 1940 samples contained 43, 22, and 26 leaves, respectively; 
thus the initial 1939 sample would be expected to be the least accurate. 

Vickery et al, (10,13) have reported decreases in dry matter during the 
curing of the primed leaves of a Connecticut shade-grown variety, amount¬ 
ing to 18 and 20 per cent. Garner (2) observed decreases in dry matter of 
12 and 15 per cent, during the curing of primed leaves and decreases of 25 
to 30 per cent, during the curing of leaves on the stalk. 

There are two reasons why stalk-cured leaves might be expected to lose 
more dry weight than primed leaves. One is that the stalk-cured leaves do 
not dry as rapidly as the primed leaves, therefore allowing greater oppor¬ 
tunity for catabolic processes to go on which would give rise to volatile com¬ 
pounds. The other is that there is a chance for translocation to take place 
from the leaves to the stalk in tobacco cured on the stalk. 

It has been found by other workers that, in plants living under adverse 
conditions, the growing points and meristematic tissue receive soluble nutri¬ 
ents at the expense of older and more mature tissue. For this reason, trans¬ 
location might be expected to take place from the leaves to the stalks and 
thei^e to the living axillary buds or suckers in tobacco being cured with the 
leaves still attached to the stalk. It is possible to remove and plant “suck¬ 
ers” which have been on plants in the curing barn for as much as two months 
and to obtain good growth. 
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1939 CROP 1940 CROP 
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DRY MATTER 
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Fig. 1. Changes in the dry matter, sulphated ash, total nitrogen, and nicotine nitro¬ 
gen content of Burley tobacoo leaf during the air curing process. 
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1939 CROP 
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1940 CROP 
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ASPARAGINE NITROGEN 



AMINO ACID NITROGEN 
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DAYS OF CURING OAYS OF CURING 

Fig. 2. Changes in the asparagine, glutamine, ammonia, and amino acid nitrogen 
content of Burley tobacco leaf during the air curing process. 
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Sulphated ash. —The results obtained by this determination are vari¬ 
able. If the initial samples are averaged and the samples from the later 
stages of curing are averaged, it may be concluded that the loss in ash con¬ 
tent of the leaf web was about 12 per cent. Garner (2), however, with 
fewer samples to indicate the variability of his data, attached significance to 
a decrease of about 9 or 10 per cent, of the original ash content of the whole 
leaf. He found decreases of 3.4 and 4.7 per cent, in the ash content of the 
leaf web. 

Total nitrogen. —If the preliminary fresh leaf sample is considered to 
be the most accurate initial 1939 sample, as above, the loss in total nitrogen 
would appear to be about 38 per cent, in about 8 days in 1939 and about 41 
per cent, in about 10 days in 1940. 

Garner (2) observed a larger decrease in total nitrogen in stalk-cured 
leaves than in primed leaves but he obtained evidence of loss of total nitrogen 
even in primed leaves; he attributed this to volatilization of ammonia. The 
additional decrease in total nitrogen in the case of stalk-cured leaves was 
attributed to translocation. *■ 

Vickery (10) reported a decrease in total nitrogen in primed leaves of 
15 per cent. This loss occurred before the leaves had all become brown. 
In a later investigation (13), his data did not indicate any decrease in total 
nitrogen during the same stages of curing. 

Nicotine nitrogen.— The nicotine content of the samples expressed on 
a leaf area basis shows a slight downward trend as curing progresses. This 
change is probably too small to be significant except in the final 86 per cent, 
relative humidity sample; this had undergone “houseburn,” which includes 
attack by microorganisms as well as further autolytic changes by the plant 
enzymes. This indicates that nicotine probably did not enter actively into 
the metabolism of the curing process. The nicotine values here reported 
are higher than similar values appearing in the literature for Burley tobacco. 
No satisfactory explanation can be offered for this difference. The method 
used was checked by means of samples previously run by another laboratory 
that used the A.O.A.C. method, and satisfactory agreement was obtained. 

Asparagine nitrogen.— In 1939 the asparagine content of the curing 
tobacco increased to almost six times its initial value in the first three days 
of curing. After this no significant change was observed. No significant 
difference was found between the results at the different relative humidities. 
In 1940 the asparagine nitrogen increased to over eight times its initial value 
in about four days and then remained constant except for- the 86 per cent, 
relative humidity sample. These statements do not imply that there was 
no further production of asparagine after the third or fourth day, but that 
the rate of destruction equaled the rate of production if it did continue. In 
the 86 per cent, relative humidity sample, the destruction of asparagine 
apparently continued after the production had ceased, resulting in a value 
about as low as the initial value. 

Glutamine nitrogen. —The method for the determination of glutamine 
is rather inaccurate as only small amounts are present and it is calculated 
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by difference between two determinations neither of which was consistently 
duplicated within much less than 6 per cent. In 1939, the amount of gluta¬ 
mine nitrogen approximately doubled in the first three days of curing and 
then held approximately constant until about two weeks from the start of 
curing, after which it gradually decreased to about the initial value. The 
result obtained for the sample cured at 70 per cent, relative humidity for 
473 hours (19.7 days) cannot be explained except as an experimental error. 

In 1940, the glutamine, like the asparagine and to a lesser degree some 
of the other nitrogenous constituents, reached higher values than in 1939. 
The glutamine accumulated to over four times the original value and twice 
the maximum of 1939 in about four days and then gradually fell to about 
the same value as in 1939 except in the very low humidity sample. If the 
high final value on this sample is significant, it may be because this sample 
became very dry while the high glutamine content still existed, inhibiting 
further chemical change. 2 

The values found for amide content of leaf web were much more variable 
during the later stages of curing than in the early stages; it does not seem 
likely that analytical errors are altogether responsible. 

Vickery (10) found that the total amide nitrogen of the hot-water ex¬ 
tract of whole tobacco leaves increased from 0.04 gm. per 1000 gm. of fresh 
leaf to about 0.4 gm. during curing. Later (13), he found that the total 
amide nitrogen increased from 0.2 gm. per 1000 gm. of fresh leaf to about 
1.0 gm. during the same stages of curing. 

There are two views concerning the formation of amides in plants. The 
view of Vickery (11) is that amide metabolism is a phase of the general 
respiratory activity of the tissues. The older view of Prianischnikow was 
that the function of amides was to provide a means of disposal of ammonia 
which otherwise might accumulate in high concentrations and prove toxic. 
The nitrogen content of the leaves was greater in the 1940 than in the 1939 
crop. Also a greater decrease in total nitrogen occurred in the samples 
from the 1940 crop. This means that probably more catabolic changes oc¬ 
curred which might give rise to ammonia, a form of nitrogen thought to be 
essential in amide synthesis. A much larger quantity of amides was found 
in the 1940 samples but this could be due to decomposition in the 1939 
samples as previously indicated. If the amount of amides formed in 1940 

2 Since this work was completed, glutamine has been re-determined on some of the 
1940 cured samples. The values did not agree with those previously found; they were 
so low that they stimulated speculation as to the stability of the amides in air-dry plant 
tissues when stored for considerable lengths of time. Ten months elapsed from the time 
the samples were taken from the 1939 crop until these samples were analyzed for amides. 
Only 4 months elapsed from the time the 1940 samples were taken until they were analyzed 
for amides. The values for amides of the 1939 crop were much lower than for the 1940 
crop and, in view of the value? obtained for the 1940 crop nine months after sampling, 
one is led to the conclusion that the amides may decompose during storage under such 
conditions, tfhis casts doubt upon the results of this experiment and possibly upon 
Vicke&y' s results (14). 
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was larger because of the increased protein decomposition it still does not 
prove conclusively whether or not detoxification was actually responsible. 

The increase in amide nitrogen appears to have been more immediate 
than the increase in ammonia nitrogen, particularly in the results from the 
1940 crop, where the early samples were taken at more frequent intervals 
and the analyses are generally more reliable. It may be that the amide 
nitrogen ceased to rise after about the fifth day because of failure of the 
supply of a keto acids. 

Ammonia nitrogen. —During curing of the 1939 crop, the ammonia 
nitrogen increased to about six times its original value, in the first week, 
and then remained about constant in all samples. In 1940 the same level 
was reached after ten days. A high value was obtained for the final 1940 
sample at 60 per cent, relative humidity, but this is probably an error. The 
sample cured at 86 per cent, relative humidity lost ammonia in the later 
stages of curing, similar to its loss of other soluble nitrogenous constituents. 

Amino acid nitrogen.— During curing of the 1939 and 1940 crops, the 
amino nitrogen other than that contributed by the amides reached a maxi¬ 
mum in about three days, after which it decreased, reaching values as low 
or lower than the initial in another three days in 1939 and somewhat more 
slowly in 1940. There is probably no other significant change except in the 
final 1940 high-humidity sample, which is low in amino acid nitrogen as 
well as other soluble nitrogen components. The hydrolysis of part of the 
protein to amino acids is one of the first changes that take place in the nitro¬ 
gen compounds of the curing leaf; this might be expected. It is followed 
by a rapid conversion of the amino acids to other forms. 

During curing of the 1940 crop a decrease of amino nitrogen (other than 
that of amides) was observed between the third and tenth days, amounting 
to about 60 mg. per square meter. An increase of two-thirds this amount 
was observed in the nitrogen of amide groups of asparagine and glutamine. 
The remainder of the decrease in total amino nitrogen can be accounted for 
only by translocation or volatilization. During curing of the 1939 crop, a 
decrease in amino acid nitrogen of about 75 mg. occurred. As practically 
no net synthesis of amides was detected during this period, the loss probably 
occurred by volatilization or translocation or both. 

Residual nitrogen. —If the sum of the asparagine N, glutamine N, 
ammonia N, amino acid N, and nicotine nitrogen is deducted from the total 
N, a figure .is obtained which is here designated as the residual N. This 
residual N is probably chiefly protein N and nitrate N. It decreased by 
about 32 per cent, in the 1939 crop and by about 60 per cent, in the 1940 
crop, which had a higher initial nitrogen content. The final value reached 
is not far different in the two years. In this, as in most other cases, the loss 
all occurred in the first ten days. 

Barn-cured samples. —The barn-cured samples were analyzed for the 
same components as were the samples cured in the curing chambers. The 
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findings are given in the tables along with the other data, designated BC. 
The values found agreed, for the most part, with those for the samples cured 
in the chambers. 

Discussion 

If we attempt to draw general conclusions from the data presented in the 
graphs, it will be seen that no significant differences are evident between the 
tobacco cured at different relative humidities with the single exception of 
the final sample cured at 86 per cent. This sample was so badly injured 
that even a person unfamiliar with tobacco would pick it out immediately. 
The other samples were sufficiently different to be distinguishable by any 
good tobacco grader. Since the data do not show any such difference, it is 
obvious that the analyses did not include those substances which are respon¬ 
sible for quality as determined by commercial grade. On the other hand, 
they did include substances which changed markedly during the curing 
process. It would appear, as one might expect, that the first change was a 
hydrolysis of the protein to amino acids which, in turn, were either translo¬ 
cated or yielded ammonia and amides. The increase in ammonia concen¬ 
tration was rather slow at first, but it would appear that ammonia was being 
produced, as it was probably an intermediate in the formation of the amides. 
It is also the most volatile nitrogen compound whose presence would be ex¬ 
pected. In the 86 per cent, relative humidity sample the loss of all soluble 
nitrogen compounds was the most complete. Fungus growth was visible on 
this sample. Probably various microorganisms combined with the plant 
enzymes to produce the more complete autolysis in this sample. 

It is evident that the loss of ash occurred by translocation. Although it 
cannot be assumed that the movements of inorganic salts and soluble nitro¬ 
gen compounds would necessarily be the same, the total nitrogen content of 
the leaves fell by about 40 per cent, while the ash content was falling about 
12 per cent.; consequently, it seems possible that some of the nitrogen was 
lost by volatilization. 

After the amide concentration had ceased to rise at about the fourth day, 
the ammonia continued to rise until about the eighth or tenth day. About 
this time all significant changes ceased except in the sample which under¬ 
went “house-burn.” This sample lost additional nitrogen in all soluble 
forms which were determined, including nicotine. By the end of the curing 
period, this tobacco was dark colored, had the characteristic odor of “house- 
burn” known to all tobacco men, and had fungus colonies on it. It is pos¬ 
sible that microorganisms may have used the soluble nitrogen compounds 
in the synthesis of insoluble compounds or undetermined soluble compounds. 
There was no significant change in the undetermined forms reported in the 
tables as residual nitrogen. This indicates either that no further attack was 
made by the plant enzymes or the microorganisms on the leaf protein, or 
that the amount of protein formed by the microorganisms from soluble 
sources was about equal to the amount broken down. 
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Summary and conclusions 

This study was made to determine some of the chemical changes that 
occur in leaves of White Burley tobacco during curing on the stalk, under 
automatically controlled conditions of temperature and relative humidity. 
Samples taken at different stages of curing were analyzed for ash, total 
nitrogen, nicotine nitrogen, asparagine nitrogen, glutamine nitrogen, am¬ 
monia nitrogen and amino acid nitrogen. The results are expressed as 
weight per square meter of fresh leaf. The following conclusions are 
justified: 

1. The dry matter content of the leaf web decreased by about 30 per cent, 
during the early stages of curing. 

2. The total nitrogen decreased by about 40 per cent, of the original 
amount in the early stages of curing. 

3. A rapid increase occurred during the early stages of curing in all 
forms of soluble nitrogen determined except nicotine. 

4. The asparagine, glutamine, and ammonia nitrogen remained high 
except in leaves cured at very high relative humidity (86 per cent.). 

5. The amino acid nitrogen determined by subtracting the amino nitro¬ 
gen of the amides from the total amino nitrogen decreased from its maximum 
to below its original concentration. Some of this amino acid nitrogen was 
used in amide synthesis, some was translocated and some may have been 
volatilized. 

6. The nicotine content remained practically constant throughout the 
cure except in the “houseburned” sample, indicating that nicotine does not 
enter actively into the normal metabolism of the curing process. 

7. The leaves cured at 86 per cent, relative humidity lost most of their 
soluble nitrogen during the later stages of curing. This loss is probably 
due in part to the action of the enzymes of the plant and in part to the 
action of microorganisms growing on the leaves. 

8. Except for the sample cured at 86 per cent, relative humidity, there 
is no evidence of change in composition after the leaf has burned brown. 
This indicates that changes due to plant enzymes and microorganisms are 
both nearly stopped as soon as the tissue has become dry. 

Kentucky Agricultural Experimental Station 
Lexington, Kentucky 
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A QUANTITATIVE STUDY OP CHLOROSIS IN CHLORELLA 
UNDER CONDITIONS OF SULPHUR DEFICIENCY 

Oabbiel R. Mandels 
(with ten figures) 

Introduction 

The role of chlorophyll in the process of photosynthesis is not clearly 
understood. 1 Present evidence indicates that under certain conditions there 
is a direct relation between chlorophyll content and photosynthesis in Chlo- 
rella cells (1, 4). On the basis of experiments with intermittent light, 
Emerson and Arnold (2) suggested the existence of a chlorophyll unit in 
the light reaction in photosynthesis. Later work has shown, however, that 
such a relation does not always exist and that the concept of a fixed chloro¬ 
phyll unit in photosynthesis is no longer tenable (3). It would be of con¬ 
siderable interest to know how the efficiency of chlorophyll changes with 
varying degree of chlorosis. A thorough investigation of this type is not 
available. Prerequisite to such a study is a quantitative analysis of the 
development of chlorosis and of recovery from chlorosis. The present work 
is an investigation of this nature under conditions of sulphur deficiency. 

Methods 

The strain of Chlorella used in this investigation was originally isolated 
from soil by Wann (12) and is known as Chlorella no. 11. It is the same 
strain that was used in the studies of Hopkins and Wann (5, 6,7), Fleischer 
(4) , Pearsall and Loose (10) , Ludwig (9) , and Kennedy (8) . Fleischer’s 
(4) modification of the nutrient solution employed by Emerson was used, the 
composition being: Na citrate—1.00 gm.; KNOj—1.25 gm.; MgS0 4 * 7H 2 0— 
2.46 gm.; KH 2 P0 4 —1.22 gm.; Fe (as FeCl a )—0.01 gm.; glucose—15 gm.; 
H 2 0—11. With the exception of the Na citrate (Baker and Adams, C. P.), 
(fig. 1) all the chemicals used were J. T. Baker’s C.P. analyzed. The sulphur 
deficient medium was prepared by replacing the MgS0 4 with an equivalent 
amount of MgCl 2 . Three-liter Florence flasks containing 1.5 1. or 12-1. flasks 
containing 8 1. of nutrient solution were used as culture vessels. The cul¬ 
tures were sterilized by autoclaving at 15 lb. for 25 minutes or for 35 minutes 
when the larger vessels were used. The initial pH of the cultures after 
sterilization was about 5.3. Suspensions of cells grown in a full nutrient 
solution were employed for inoculation. In some experiments a suspension 
of cells in sterile distilled water was used, the cells having been rinsed previ¬ 
ously in distilled water (three times, by repeated centrifugation and decan¬ 
tation, observing aseptic precautions). 

Large culture vessels were used so that the studies could be confined to 
cultures in which the population density did not exceed 2,000 cells/mm. 3 

1 Examination of the literature leads to the conclusion that there is little direct data 
concerning the rdle of chlorophyll. 
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The possibility of secondary effects due to significant changes in the compo¬ 
sition of the nutrient solution was thus minimized. 

The cultures were grown in an insulated light chamber at 25 or 30° C. 
dr 0.5°. A 500-watt tungsten filament bulb placed in a reflector over the 
top of the chamber served as a light source. Infra-red radiation was filtered 
out by a £-inch layer of circulating water. The light intensity was of the 
order of 500 foot candles as measured on the floor of the chamber with a 
Weston Illuminometer. The cultures were shaken for 5 minutes every half 
hour, a mobile platform being in the chamber. 

The population density of the cultures was determined with a haemocy- 
tometer. A photoelectric colorimeter^was used to determine the chlorophyll 
content of methanol extracts of the cells. Interference by carotenoids was 
avoided by using a Corning signal red filter having a cut-off at 6300 A. The 
colorimeter was calibrated with a preparation of purified eholorphyll ex¬ 
tracted from corn leaves following the procedure of Schertz (11). Chloro¬ 
phyll determinations were always made immediately after removal of the 
sample from a culture. 

Expression of data 


The population density of the culture (N) is in terms of cells per mm. 3 
of culture. The rate of cell division is the slope of the curve giving the 

logarithmic increase in cell number per hour, • Chlorophyll is 

expressed in micromoles per 50 ml. of culture, (C), or on a basis of p moles 
per 10 9 cells (C n ). The rate of chlorophyll formation is the slope of the 

curve giving the logarithmic increase in chlorophyll, 

Results 

Development of chlorosis in sulphur-deficient cultures 


Practically no growth will occur if a suspension of washed cells, grown 
in a full nutrient solution, is used to inoculate a culture to which no sulphate 
has been added. Thus neither previous accumulation of sulphur in cells nor 
sulphur impurities in the chemicals used, are significant. In the experi¬ 
ments reported here, sufficient sulphate was added to support growth up to 
a population density of the order of 2,000 cells per mm. 3 

Data showing typical behavior during growth in a sulphur deficient cul¬ 
ture are presented in figure 1. It is seen that cell division and chlorophyll 
formation gradually cease. It is significant that the rate of chlorophyll for¬ 
mation decreases more rapidly than the rate of cell division. Thus there is 
an initial decrease in the amount of chlorophyll per cell while chlorophyll 
formation is still occurring. Even after cessation of chlorophyll formation 
there is a slight increase in cell number. This results in a further decrease 
in the chlorophyll content per cell. Development of chlorosis continues due 
to decomposition of chlorophyll in the cells. Decomposition is initiated 
about the time cell division ceases. 



MANDELS: SULPHUR DEFICIENCY CHLOROSIS IN CHLORELLA 


451 


! 

To get a quantitative measure of the degree of chlorosis the chlorophyll 
deficit of the chlorotic cells can be expressed as a percentage of the normal 
chlorophyll complement. 


Percentage of chlorosis = 


Cn 0 — C Nl 
C Nft 


x 100 


where C No = m m °l es chlorophyll/10 9 normal cells = 3.50; Cn, = M moles chloro¬ 
phyll/10 9 chlorotic cells. On this basis it is found that when chlorophyll 
synthesis stops, the cells are 45 per cent, chlorotic. The slight increase in 
cell number found after this point results in 64 per cent, chlorosis when cell 
division stops. These values for the degree of chlorosis at cessation of 
chlorophyll formation and at cessation of cell division appear to be quite 



Fig. 1. Growth in culture lacking sulphur showing the development! of chlorosis at 
25° C. (The ordinate log. chlorophyll has been shifted up 4.75 units.) 


constant. Decomposition of chlorophyll results in a gradual increase in the 
degree of chlorosis. Complete loss of chlorophyll (100 per cent, chlorosis) 
is attended by death of the cells since they no longer respond to addition of 
sulphate. Such cells contain significant amounts of carotenoids. The 
carotenoids decompose gradually in the dead cells. 

Microchemical tests of the chlorotic cells with Sudan IV in lactophenol 
and with I-KI show an accumulation of considerable amounts of fat and 
little or no* starch. This behavior is also found if sugar is omitted from the 
medium. Normal cells in full nutrient solution do not contain sufficient fat 
or in a form to be demonstrated with Sudan IV. 


Recovery from chlorosis 

To follow the process of recovery an aliquot of a sterile, standard solution 
of K 2 S0 4 was added aseptically to cultures containing sulphur deficient, 
chlorotic cells. Samples were removed aseptically at intervals for chloro- 
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phyll determinations. In some experiments lasting only about 24 hours, 
aseptic precautions were not observed. In such cases bacterial or fungal 
growth was insufficient to have any noticeable effect. The cultures were 
kept in the growth chamber during recovery. 

Chlorophyll formation is the first visual evidence of recovery—(macro- 
or microscopic). This can be detected about five hours after the addition 



HOURS AFTER ADDITION OFSOJ 

Fig. 2. Chlorophyll formation during recovery from sulphur deficiency. (2090 
cells per mm.sj 84 per cent, chlorosis; 1.67 p.p.m. of S as S0 4 = ; 25° C.) 

of sulphate. In a culture having a population of 1500 cells/mm. 3 , formation 
of chlorophyll occurs at concentration of sulphate as low as 3 x 10" 7 M (0.01 
p.p.m. of S). Recovery does not proceed sufficiently to permit cell division 
unless about 0.1 p.p.m. of S is added. If cell division is to occur there is a 
lag of about 24 hours before autospore formation is noted. Growth by 
increase in cell volume, as noted by microscopic observation, occurs before 
the cells divide (no quantitative measurements were made). 
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Typical data showing the formation of chlorophyll are presented in fig¬ 
ure 2. The process of chlorophyll formation during recovery can be sepa¬ 
rated into four phases: 

1. A lag period of a few hours (usually about four hours) between addi¬ 
tion of sulphate and chlorophyll formation. 

2. A period of acceleration in chlorophyll synthesis during which the 
rate of formation increases from zero to a maximum which is attained at 
about the tenth hour. 

3. A period of logarithmic increase in chlorophyll. It should be noted 
that the maximum rate of synthesis which is maintained during this period 
(about 10 hours) is considerably in excess of the rate of chlorophyll forma¬ 
tion during normal growth in full nutrient solution. 



Fig. 3. Chlorophyll formation and cell division during recovery. (1.93 p.p.m. of 
S O; 10.0 p.p.m. A; broken line—log. cell no.; solid line — log. chlorophyll) (70 per 
cent, initial chlorosis; 25° C.) 

Fig. 4. Rate of chlorophyll formation (R c ) and rate of cell division (R N ) during 
recovery in 10 p.p.m. of S culture. 

4. A period of decrease in rate of synthesis. In the culture under con¬ 
sideration here, sufficient sulphate for continued recovery was not present 
so that the rate decreases to zero. 

Data showing recovery with respect to both chlorophyll formation and 
cell division in two comparable cultures at different concentrations of sul¬ 
phate are given in figures 3 and 4. There is a rapid increase in chlorophyll 
in both cultures. The cells, initially about 70 per cent, chlorotic, contain 
several times the normal chlorophyll complement at the time cell division is 
initiated. At a concentration of 1.93 p.p.m. of S there was insufficient sul¬ 
phate for continued recovery. Thus there is only a slight increase in chloro¬ 
phyll after the inception of cell division. A rapid decrease in the amount 
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of chlorophyll per cell is found during the spurt in cell division (from 8.66 
to 1.88 p moles/10 fi cells). Subsequently there is a gradual decrease due first 
to cell division and finally to decomposition. Thus the cells have returned 
to a condition of sulphur deficiency. 

At the concentration of 10 p.p.m. further recovery was possible, synthesis 
of chlorophyll continuing after the initial spurt in cell division. The sudden 
decrease in slope of the log chlorophyll curve at the time cell division starts 
should be noted (fig. 4). 

It should be observed that while there is a relation between the amount 
of chlorophyll formed and the amount of sulphate added, there is none with 
respect to increase in cell number. The chlorophyll yield will be considered 
in more detail later. 

Since a detailed analysis of the process of cell multiplication during 
recovery is not directly pertinent to the scope of this paper, a brief summary 
will be adequate. Although chlorophyll formation can be detected when as 
little as 0.01 p.p.m. of S is added to a suspension of chlorotic cells, at least 
ten times this amount must be added before recovery proceeds to a stage 
where cell division will occur (in a culture of 1500 cells/mm. 3 ). With this 
minimum amount of sulphate there will be a nine-fold increase in cell num¬ 
ber. Increasing the sulphate concentration ten times above the minimum 
for cell division will still result in the same increase in cell number. If still 
greater amounts of sulphate are added then there will be an initial nine-fold 
increase in cell number followed by a short lag before further cell division 
continues. Thus at least at low concentrations of sulphate the increase in 
cell number is not proportional to the amount of sulphate added. 

Factors influencing chlorophyll formation during recovery 

Effect of initial degree of chlorosis. —To study the effect of length of 
exposure of cells to a condition of sulphur deficiency upon subsequent recov¬ 
ery, a culture containing 8 1. of nutrient solution was used. Samples were 
removed aseptically at intervals corresponding to 6.83, 8.88, and 12.21 days 
after inoculation. Chlorophyll formation was studied after adding 1.0 
p.p.m. of S as SOr. Thus recovery was followed using portions of the same 
suspension of cells having chlorophyll complements equivalent to 22, 28.5 
and 45 per cent, chlorosis. Although the first sample of cells was only 22 
per cent, chlorotic, cell division had ceased. This is contrary to the pre¬ 
ceding data in which cell division ceased when the cells were about 65 per 
cent, chlorotic. This anomalous behavior was probably due to inadequate 
provision for gas exchange during the development of the culture. Pre¬ 
sumably the low 0 2 tension suppressed the amount of growth by cell division 
while chlorophyll formation did not suffer similar interference. The results 
reported below have been substantiated using “normal” sulphur deficient 
cells. 

The data are summarized in figures 5 and 6. During the first few hours 
after addition of sulphate there is a decrease in chlorophyll. The extent of 
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this decomposition is greatest in the slightly chlorotic i cells and decreases 
progressively in the two subsequent series. The interpretation of this phe¬ 
nomenon is not clear. The rate is too great to be normal decomposition. 

The recovery curves (fig. 5) show that despite the relatively large differ¬ 
ences in initial chlorophyll content the maxima reached are practically the 
same in all three series. Thus the number of moles of chlorophyll formed 
per mole of sulphate added is determined to a slight extent by the initial 
degree of chlorosis, the exact figures being 0.307, 0.356, and 0.360 for the 
three series. 

Consideration of the rate of chlorophyll synthesis in the three series 
brings out another interesting relation (fig. 6). The curves show that the 
maximum rate of synthesis attained in each of the series is higher as the 
initial degree of chlorosis increases. 



Fig. 5 and 6. Effect of initial degree of chlorosis on chlorophyll formation during 
recovery. (O — 22 per cent.; A — 28.5 per cent.; • —45 per cent, chlorosis.) (1.0 
p.p.m. of 8; 1520 cells 1 mm. J ; 25° C.) 

Effect of sulphate concentration on the rate of chlorophyll syn¬ 
thesis. —Eight liters of a suspension of sulphur deficient cells were divided 
into equal portions to which different amounts of sulphate were added. The 
vessels were then placed in the growth chamber under a condition of dark¬ 
ness to minimize chlorophyll decomposition. Since identical suspensions of 
cells were used, sulphate concentration was the only variable. Data showing 
the changes in rates of synthesis in the cultures are summarized in figure 7. 
Two effects are to be observed. First, the effect on the acceleration of chloro¬ 
phyll synthesis—increasing the concentration up to about 0.5 p.p.m. of S 
results in a more rapid increase in rate of synthesis. Greater increments 
have little or no effect (see also fig. 3). Secondly, it is seen that the maxi¬ 
mum rate of synthesis attained increases as sulphate concentration is raised 
to about 0.5 p.p.m. of S. This relation is seen more exactly in figure 8. From 
0.05 to 0.5 p.p.m. the relation R c = Klog [SOr] obtains (where R 0 = maxi- 
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Fig. 7. Effect of sulphate concentration (figures in p.p.m. of S) on chlorophyll 
formation during recovery. 

Fig. 8. Maximum rate of chlorophyll synthesis attained at different concentrations 
of sulphate during recovery. 

mum rate of chlorophyll formation). At concentrations greater than 0.5 
p.p.m. there is little or no effect on the maximum rate (see also fig. 3). 

Effect of light. —One of two similar cultures was darkened by enclosing 
it in several layers of black cloth with black rubberized cloth on the outside. 
Both cultures were then placed in the light chamber after adding sulphate. 
Any temperature differences were not considered as being significant. The 
results are shown in figures 9 and 10. Although the differences between the 




Fig. 9. Effect of light and source of sulphur on chlorophyll formation during recov¬ 
er* (O — SO** in light ; # — SOr in dark j A — H 2 8 in light; A — H,S in dark.) 

Fig. 10. Effect of light and source of sulphur on the rate of chlorophyll formation. 
(Symbols same as in fig. 9.) 
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two treatments are not very great, it should be noted that there is a slightly 
longer lag in the dark and also that the maximum rate of chlorophyll synthe¬ 
sis attained is slightly less in the dark. Another effect is brought out in 
table I which shows the chlorophyll yield to be slightly greater in the dark. 
Limited data show that during recovery the rate of cell division is retarded 
to a much greater extent in the absence of light than is synthesis of chloro¬ 
phyll. 

Sources of sulphur available. —Some qualitative studies were made to 
test the availability of different sulphur compounds for recovery from 

TABLE I 

Moles chlorophyll formed* during recovery per mole of sulfate added 


Sulphate 

concentration 

Moles 

S0 4 = added/10 b 
cells 

Initial 

chlorosis 

Cell 

divi¬ 

sion 

Moles chlor. 
formed/mole 

S0 4 = ADDED 

Light 1.93 p.p.m. of S 

42.0 

% 

70.5 

+ 

0.310 

1.0 

20.4 

22.0 

+ 

0.307 

1.0 

20.4 

28.5 

+ 

0.356 

1.0 

20.4 

45.0 

+ 

0.360 

1.0 

24.4 

68.6 

+ 

0.394 

0.5 

10.2 

22.0 

+ 

0.314 

0.5 

10.2 

28.5 

+ 

0.357 

0.5 

10.2 

45.0 

+ 

0.415 

0.167 

2.74 

85.4 

- 

0.291 

0.10 

2.44 

68.6 

— 

0.321 

0.01 

0.244 

68.6 

- 

0.321 

Dark 1.0 

20 4 

52.0 

f 

0.280 

0.5 

10.2 

51.8 

f 

0.405 

0.25 

5.1 

51.8 

? 

0.483 

0.10 

2.04 

51.8 

t 

0.483 

0.05 

1.02 

51.8 

f 

0.420 

0.05 

1.02 

51.8 

? 

0.385 

0.025 

0.51 

51.8 

f 

0.456 


* Amount of chlorophyll formed = max. chlorophyll during recovery - initial chloro¬ 
phyll. 

Average yield in light—0.34 moles chlor./mole sulphate. 

“ “ “ dark—0.42 “ “ “ “ 

sulphur deficiency. All the organic compounds tested were unavailable 
(cysteine, glutathione, methionine, thioglycollic acid, thiamin, potassium 
thiocyanate). The possibility that toxic concentrations of these substances 
were used is unlikely since recovery occurred in control cultures to which 
both sulphate and the various compounds were added. All of the inorganic 
compounds tried were available for recovery (hydrogen sulphide, thiosul¬ 
phate, pyrosulphate, sulphite, persulphate). Tests also showed that sulphate 
could not be replaced by tellurate or selenate. 

While it would be very interesting to have quantitative data showing the 
length of the lag period, the rate of chlorophyll synthesis and the chloro¬ 
phyll yield during recovery when different sulphur compounds were used, 
comparative studies were made only with H 2 S and S0 4 ". The results of this 
study are summarized in figures 9 and 10. The curves show a longer lag 
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when sulphur is supplied as H 2 S than as sulphate and also a slower rate of 
synthesis, these effects being more pronounced in the dark. 

Effect of temperature.— No detailed study was made of the effect of 
temperature on chlorophyll formation during recovery. Data are available, 
however, to show that: (1) The maximum rate of synthesis attained at 30° C. 
is significantly higher than at 25° C. (2) Recovery does not occur (chloro¬ 
phyll formation or cell division) at 10° C. or lower, although the cells are 
not permanently injured by this treatment. 

Necessity of oxygen. —Results of several experiments showed that no 
recovery occurs if the atmosphere in equilibrium with the culture medium 
was unpurified tank nitrogen (probably containing about 0.5 per cent. 0 2 ). 

Chlorophyll yield during recovery. —It is obvious that the extent of 
recovery must be some function of the amount of sulphate added and data 
presented already have anticipated the conclusion that the amount of chloro¬ 
phyll formed shows some proportionality to the amount of sulphate added. 
Results from several different experiments showing the amount of chloro¬ 
phyll formed during recovery per mole of sulphate added are summarized 
in table I. A consideration of the data obtained during recovery in the light 
shows that the chlorophyll yield is more or less constant over a wide range 
in concentration of sulphate—from 0.01 to 1.93 p.p.m. of S. About 0.34 
moles of chlorophyll is formed per mole of sulphate added. In the dark, the 
yield is slightly greater, being 0.42 moles of chlorophyll per mole of sulphate 
added. 

Discussion 

Presumably the pattern of development of chlorosis is distinct with 
deficiencies of various essential elements which result in chlorosis. In the 
case of sulphur deficiency, chlorosis develops in two stages. The first phase 
is due to the development of a differential between the rate of chlorophyll 
formation and the rate of cell division, chlorophyll synthesis decreasing 
before cell division. The second phase is due to decomposition of chlorophyll 
in the cells and is initiated at about the time cell division ceases. Attention 
should be directed to the fact that both cell division and chlorophyll synthe¬ 
sis do not stop abruptly as the supply of sulphur becomes limiting. There is 
a gradual decrease in rate. This can be interpreted in two ways. It is con¬ 
ceivable that this is not real but is only an apparent, statistical effect; the 
individual cells in a culture being of different ages would not all show 
deficiency symptoms at the same time. Microscopic observation reveals this 
to be at least partially true. On the other hand, it is possible that the phe¬ 
nomenon is real—that as the concentration of available sulphur decreases to 
some minimum value, the rate of chlorophyll synthesis, etc., gradually de¬ 
creases. If this is true, it follows that the rate of cholorphyll synthesis and 
other metabolic processes are determined, at least partially, by the concen¬ 
tration of sulphate when it becomes limiting. In the author’s opinion the 
tru6R^nterpretation of the gradual decrease in rate is to be found by com- 
bhqdftg these two explanations. Assuming that the rate of chlorophyll syn- 
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thesis and other metabolic processes decrease gradually as sulphate becomes 
limiting, it follows that the rates of these processes are functions of sulphate 
concentration under these conditions. In this connection it is significant to 
note that with a decreasing supply of sulphate there is a differential action 
upon at least some metabolic processes. More specifically, chlorophyll for¬ 
mation is more sensitive to a deficiency of sulphur than is cell division. 
Differential responses of this nature could be useful in studies of sulphur 
metabolism. 

Further evidence illustrating a disturbance of cell metabolism in sul¬ 
phur-deficient cells is the observation that these chlorotic cells contain large 
quantities of fat, and little or no starch. This fat accumulation also occurs 
when the cells are grown autotrophically. (Starch is the normal storage 
product in Chlorella, very little or no fat being found.) 

Addition of sulphate to sulphur-deficient cells was found to result in 
rapid recovery from chlorosis. When sulphate is added in concentrations 
of 0.5 p.p.m. of S, or greater, the recovery curve showing the formation of 
chlorophyll can be separated into four phases: (1) a lag period; (2) a period 
of increase in rate of synthesis to a maximum; (3) a period of exponential 
increase in chlorophyll at the maximum rate; and (4) a decrease in rate of 
synthesis to zero or to normal depending upon the amount of sulphate 
available. 

It is conceivable that the initial lag is due to slow penetration of sulphate. 
This would appear very unlikely. If slow penetration were responsible 
there should be some direct relation between concentration of sulphate and 
length of the lag period since, according to Fick’s law, the rate of diffusion 
is directly proportional to the concentration gradient. No such relation was 
found. If this lag is a real phenomenon, then it is to be inferred that sul¬ 
phate bears no simple, direct relation to the synthesis of chlorophyll. It is 
possible that sulphate is metabolized during the lag period, these anabolic 
processes culminating or being involved in the synthesis of chlorophyll. On 
the other hand, it is conceivable that free sulphate initiates or activates a 
series of reactions leading to chlorophyll formation. It would seem that the 
first of these postulates is more reasonable in view of the stoichiometric rela¬ 
tion between sulphate added and chlorophyll formed. 

The initial degree of chlorosis—that is, the degree of sulphur starva¬ 
tion—has some bearing on the behavior during the lag period. The effect 
cannot be stated in any more definite terms because of insufficient data. It 
should be pointed out, however, that significant decomposition of chlorophyll 
occurs during the first few hours after addition of sulphate to slightly chlo¬ 
rotic cells. 

An interesting phase of the formation of chlorophyll during recovery is 
the exponential increase in chlorophyll. The slope of the line showing the 
logarithmic increase in chlorophyll is several times (2.6) greater during 
recovery than during normal growth in full nutrient solution. It would 
appear from this that the factor (or factors) normally limiting the rate of 
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chlorophyll synthesis is not in operation during recovery from chlorosis. 
It should be pointed out in this connection, that with increased initial chlo¬ 
rosis the rate of logarithmic formation of chlorophyll during recovery was 
found to be greater. Although several interpretations of the behavior are 
possible the information available is inadequate to make discussion profitable. 

The relation between the amount of sulphate added to a suspension of 
chlorotic cells and the amount of chlorophyll formed is significant. Sum¬ 
maries of data from several experiments reveal that about 0.34 moles of 
chlorophyll are formed per mole of sulphate added over a concentration 
range of 0.01-1.93 p.p.m. of S. This independence of the chlorophyll yield 
upon concentration of sulphate would indicate complete absorption of sul¬ 
phate. The existence of this stoichiometric relation would seem to preclude 
any direct or indirect catalytic action of sulphate. 

With greater initial chlorosis the chlorophyll yield is slightly increased. 
It should be mentioned that the increased yield is the same at different con¬ 
centrations of sulphate and is equal to the differences in the initial amount 
of chlorophyll present in the cells. Thus if a given amount of sulphate is 
added to suspensions of cells of different degrees of chlorosis the maximum 
chlorophyll content which is found in the different suspensions is the same. 
An obvious hypothesis to interpret this behavior would be that decomposi¬ 
tion products accumulate in the cells when the degree of chlorosis increases 
due to chlorophyll decomposition and that synthesis of chlorophyll from 
these products can occur during recovery without utilization of sulphate. 
This hypothesis must be discarded, however, since more rigid consideration 
of the data do not lend support. 

For many years, it has been known that Chlorella can form chlorophyll 
when grown in the dark. It has also been recognized that when cultured in 
the dark on glucose, Chlorella grows much more slowly than in the light. 
It is interesting to note in this connection that light has very little effect on 
chlorophyll formation during recovery from sulphur deficiency, the rate of 
synthesis being only slightly greater in the light. On the other hand, the 
amount of chlorophyll formed in the dark per mole of sulphate is signifi¬ 
cantly greater. This increase in yield would seem too great to be explained 
on the basis of more rapid decomposition in cells in the light. With respect 
to initiation of cell division during recovery there is a very pronounced effect 
of light—cell division being many times slower in the dark. It might be 
inferred that more sulphate is available for the processes resulting in chloro¬ 
phyll formation when recovery occurs in the dark. 

An analysis of the effect of various sulphur compounds on recovery 
could be used to advantage in studies of sulphur metabolism. While the 
data presented here which relate to sulphur metabolism are rather meager, 
brief discussion will be profitable. Since cysteine hydrochloride, dl-methi- 
onine, glutiathione, tl^glycollic acid and potassium thiocyanate were all 
found to be unavailable for recovery, it would appear that the course of 
sulphur metabolism does not proceed through one of these compounds. If 
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it does, then we must assume that the metabolism proceeds in several direc¬ 
tions and that these reactions are not readily reversible. An alternative 
interpretation is impermeability of the cell to these compounds. This would 
not seem to be the case with cysteine since Ludwig (9) has shown that it can 
be used as a source of nitrogen by this same strain of Chlorella. 

All the inorganic compounds tested were available for recovery—thio¬ 
sulphate, pyrosulphate, sulphite, persulphate, and hydrogen sulphide. When 
sulphur is supplied as H 2 S the lag period is slightly longer, the acceleration 
in chlorophyll synthesis is slightly lower and the maximum rate of synthesis 
attained is less than when sulphate is supplied. This would lead to the con¬ 
clusion (if questions of toxicity and rate of penetration are neglected) that 
sulphur in the form of H 2 S must undergo more radical changes than sul¬ 
phate before participation in metabolism. It is conceivable that oxidation 
to sulphate takes place. The response to sulphide in the dark is signifi¬ 
cantly slower than in the light. Possibly the lower oxidation potential in 
the cells under a condition of darkness results in slower oxidation to sulphate. 

Lack of quantitative data on the course of recovery with the other inor¬ 
ganic compounds precludes any postulation of their relation to sulphur 
metabolism other than that they are assimilable. 

Summary 

1. Chlorella sp. was grown under controlled conditions in sulphur-defi¬ 
cient cultures. The development of chlorosis and the process of recovery 
from chlorosis have been analyzed. The chlorophyll deficit of the chlorotic 
cells has been put on a quantitative basis and expressed as a percentage of 
the normal chlorophyll content. 

2. Chlorosis induced by sulphur deficiency develops in two phases due 
respectively to: (a) A differential between the rate of cell division and the 
rate of chlorophyll synthesis as they both decline to zero. This results in 
a decrease in the amount of chlorophyll per cell before cell division stops, 
(b) Slow decomposition of chlorophyll in the non-dividing cells. 

3. Fat accumulates in the deficient cells (starch is the normal storage 
product). 

4. Addition of sulphate to deficient cells results in rapid recovery from 
chlorosis. Although chlorophyll synthesis is evident within about 5 hours, 
cell division does not occur until about 24 hours after addition of sulphate. 
Chlorophyll formation will occur at a lower concentration of sulphate than 
will cell division. 

5. The curve showing the formation of chlorophyll during recovery can 
be separated into four stages: (a) A lag period of about five hours between 
addition of sulphate and synthesis of chlorophyll, (b) A period of acceler¬ 
ation in synthesis of chlorophyll during which the rate of formation in¬ 
creases from zero to a maximum over a period of about five hours, (c) A 
period of logarithmic increase in chlorophyll at a rate faster than occurs 
during normal growth in full nutrient solution, (d) A period of decrease 
in rate of synthesis. 
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6. The effect of various factors on recovery was studied: light vs. dark¬ 
ness ; initial degree of chlorosis; concentration of sulphate; sources of sul¬ 
phur available (organic and inorganic); necessity of oxygen. 

7. The chlorophyll yield during recovery is constant over the concentra¬ 
tion range 0.01-1.93 p.p.m. of S as sulphate, about 0.34 moles of chlorophyll 
being formed per mole of sulphate added. It is inferred that complete 
absorption of sulphate takes place. 

The author thanks Professor Lewis Knudson for his interest in the 
problem and for his criticisms of the manuscript. 

Cornell University 
Ithaca, New York 
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STRUCTURE AND COMPOSITION OF CITRUS LEAVES AFFECTED 
WITH MESOPHYLL COLLAPSE 1 

F . M. TURRELL, V. P. SOKOLOFF, AND L. J. KLOTZ 

(with six figures) 

Introduction 

A pathological condition not infrequently observed in leaves of orange 
trees as yellow, translucent, sunken areas, has been called “mesophyll col¬ 
lapse” by Fawcett (6). Neither bacteria nor fungi seem to initiate this 
disorder of the leaves, though they may invade the weakened and collapsed 
tissues secondarily. The disorder has therefore been regarded as a physio¬ 
logical disturbance caused by insects and by edaphic and climatic factors, or 
by edaphic or climatic factors alone. 

Fawcett (6) first found mesophyll collapse in the coastal districts of 
southern California. In a series of papers, Fawcett et al. outlined the 
distribution of mesophyll collapse in South America. They found it in the 
coastal areas of the state of Rio de Janeiro, Brazil (11), but did not find it 
two hundred miles in the interior, in the state of Minas Geraes (12). It was 
also found fairly near the coast, in the states of Pernambuco (7) and Bahia 
(8), and in Sao Paulo as far as 40 miles inland and at elevations as high as 
2,500 feet above sea level (8). None was noted in the Pitangueires area, 
some two hundred miles from the sea coast; in the state of Rio Grande do 
Sul, however, it was found near the coast, at Montenegro (8). It was noted 
at Uruguayana, somewhat inland, near the Uruguay River (8), as well as at 
Concordia, Argentina, also near the Uruguay River. These investigators, 
however, found no mesophyll collapse in any other parts of Argentina (9). 
In Paraguay, mesophyll collapse was found at Asuncion, near the Paraguay 
River (10). 

The writers have made observations in North America and have noted the 
occurrence of mesophyll collapse in the coastal districts of the United States 
and Mexico. We have found it in the coastal districts of Florida, near Vero 
Beach, and in the coastal valleys of California. It has been observed in 
Arizona 2 and it probably exists, also, in some parts of Texas near the gulf. 
Our survey in California has shown that the disorder is present in Ventura, 
Santa Barbara, Los Angeles, San Bernardino, Riverside, Orange, and San 
Diego counties. Its general distribution in California *is shown in figure 1. 

This leaf condition is most readily recognized when the mature leaves are 
examined by transmitted light. It will then be observed that yellow, trans¬ 
lucent areas lacking chlorophyll occur principally in the central portion of 
the blade, on one or both sides of the midrib (plate I, fig. 2). By reflected 

1 Paper no. 484, University of California Citrus Experiment Station, Riverside, 
California. 

2 Observation reported by Dr. R. B. Streets, Associate Plant Pathologist, University 
of Arizona, Tucson, in letter to the senior author, dated March 1, 1943. 
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light these areas on the lower surface of the leaf appear grayish and some¬ 
what sunken below the normal leaf surface. Necrosis or browning of the 
translucent areas may also occur. The leaves, however, are otherwise appar¬ 
ently normal, as are the twigs on which they are carried. So far, the symp¬ 
toms have been observed on Valencia and Washington Navel oranges, but 
not on lemons. 

The disorder is of interest because it represents one of the foliar symp¬ 
toms for which explanations have long been sought. Haas (14) has sug¬ 
gested that a water deficit during the hot summer months may be involved, 



Pig. 1. Hatched portion indicates California citrus areas in which mesophyll col¬ 
lapse in orange leaves is prevalent. 

though mesophyll collapse is seen in very young trees under conditions 
where no great stress on the transpiration system has occurred. Trees grow¬ 
ing under optimum soil- and air-moisture conditions and subjected to occa¬ 
sional severe water deficits, generally show the greatest incidence of meso¬ 
phyll collapse, while trees continually subjected to water deficit are least 
affected. In groves observed by us, leaves showing the disorder were found 
only on the north side of the affected tree, or they were generally distributed 
around the tree. 

The prevailing opinion is that the necrosis following infestation with the 
citrus red nrite, or red spider, Paratetranychus citri (McG.), is a forerunner 
or an accompaniment of mesophyll collapse. In fact, the distribution of 
citrus red mite in California, as shown by Quatle (21), is approximately 
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the same as that of mesophyll collapse. Many trees Aot infested with citrus 
red mite are bady affected with mesophyll collapse, however. 

The purpose of the present paper is to report studies made during 1941 
and 1942 on the structure and composition of leaves of citrus trees affected 
with mesophyll collapse in southern California. 

Materials and methods 

For Ca, Mg, Na, K, Cl, and certain ash analyses, leaves were collected 
near Claremont, California, in early June and in late July, from Washing¬ 
ton Navel orange trees growing on light sandy soil (Ramona loam), the pH 
of which, at field capacity, was 4.80 to 6.01 at the 1-foot level. A second 
sample of leaves for S and certain ash analyses was collected in August from 
the Washington Navel orange trees at Claremont and from Valencia orange 
trees at San Juan Capistrano. The Valencia orange trees were growing on 
heavy-textured Montmorillonitic yellow-clay soil (Diablo adobe clay), which 
had a pH of 6.15 to 6.39 at field capacity. In October, a third sample of 
leaves was collected from the San Juan Capistrano grove for S, P, and ash 
analyses. 

Samples of injured and normal leaf tissue, of equal area, were excised 
from the leaves with a cork borer. For every sample of injured tissue, a 
sample of normal tissue was excised from a similar position on the blade, on 
the opposite side of the midrib. 

Samples of Washington Navel orange leaf tissue, for sap analyses, were 
autoclaved 15 minutes at 15 lb. per square inch and pressed at 16,000 lb. per 
square inch. The sap and press cake analyses for Ca, Mg, Na, K, and Cl 
were made on 100 grams of sap and on 100 grams of press cake dried at 
70° C., respectively. Methods of the United States Department of Agricul¬ 
ture Bureau of Plant Industry, Division of Irrigation Agriculture, Rubidoux 
Laboratory, located at Riverside, California, were used. 

Analyses for total S as S0 4 were made according to the methods of 
the Association of Official Agricultural Chemists. Analyses for P as P0 4 
were made according to methods of the Rubidoux Laboratory, using 
(NH 4 ) 3 P0 4 * 12 Mo 0 3 . All leaves for these analyses were samples as previ¬ 
ously described. The samples were heated for 2 hours at 110° C. to inacti¬ 
vate the enzymes and were then dehydrated at 65° C., in vacuo, until the 
material attained constant weight. 

Samples of affected and healthy areas of leaves collected in August from 
the same groves as the material for chemical analyses, were killed in formalin 
acetic acid alcohol and prepared for microscopical examination by the 
paraffin method. Sections 12 |j in thickness were stained with Delafield’s 
hematoxylin and safranin, and permanent mounts were made. 

Results 

Results of a brief study of the distribution of collapsed areas in affected 
leaves of Washington Navel and Valencia orange are shown in table I. For 
this study, each leaf was divided into two portions, the outer or marginal 
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portion and the inner or middle portion; the collapsed areas at proximal, 
central, and distal locations in these portions were counted. It was clear 
that the incidence of the disorder occurred principally in the central portion 
of the leaves. 

Of the Washington Navel orange leaves which exhibited mesophyll col¬ 
lapse (table I), 17.2 per cent, were small, 54.4 per cent, were medium, and 
28.4 per cent, were large. Of the Valencia orange leaves which exhibited 
mesophyll collapse, 31.7 per cent, were small, 40.0 per cent, were medium, 
and 28.3 per cent, were large. This is what would be expected from the 
normal size distribution of orange leaves. In the Washington Navel orange 
leaves, 68.7 per cent, of the translucent areas contained necrotic areas 
(brown spots); in the Valencia orange leaves, 40.3 per cent. 


TABLE I 

Distribution of areas affected with mesophyll collapse in orange leaves, 

EXPRESSED IN PERCENTAGE OF TOTAL NUMBER OF COLLAPSED AREAS 


Location 

Washington Navel 

Valencia 

Marginal 
leaf portion 

Middle 

LEAF PORTION 

Marginal 
leaf portion 

Middle 

LE\F PORTION 


% 

% 

% 

% 

Proximal 

4.0 

8.0 

9.3 

16.3 

Central 

18.7 

42.0 

13.9 

33.4 

Distal 

9.3 

18.0 

10.8 

16.3 


From a comparative histological examination of normal green leaf tissue 
and of affected leaf tissue, it was evident that the injured tissue contained 
collapsed spongy mesophyll cells (plate I, figs. 3-6). Until the affected 
areas dried, the palisade tissue was apparently normal (plate I, figs, 3-4). 
Intercellular space was reduced in the abnormal tissue, owing to the collapse 
of much of the spongy mesophyll and the enlargement of certain spongy 
mesophyll cells which had not collapsed. The diameters of the enlarged 
cells averaged 35 g, whereas the diameters of normal cells averaged 18 g. 
The walls of the enlarged cells had a maximum thickness of 2 g; walls of 
normal sponge cells had a maximum thickness of 0.8 jj. Collapsed and in¬ 
jured tissue stained deeply with safranin, as shown by the dark regions in 
figure 4. The disorder was not confined to one vein islet, but included sev¬ 
eral to many. 

Only rarely was the palisade tissue abnormal above the abnormal spongy 
mesophyll cells. As shown in plate I, figure 6, the palisade cells are short¬ 
ened and not elongated. This suggests that, in addition to hypertrophy and 
collapse in the sponge tissue, on rare occasion hyperplasia may be observed 
in the palisade tissue, a condition reminiscent of boron deficiency. The pali¬ 
sade mesophyll directly above the affected spongy mesophyll is generally 
normal, however. This is confirmed by examination of tangential sections 
tMjiwh palisade tissue above normal spongy mesophyll and above abnormal 
sHir mesophyll. 



Photomicrographs of transverse sections of Washington Navel orange leaves. 

Fig. 3. Section through normal portion of leaf showing greater leaf thickness and 
large intercellular spare x 64 

Fig 4. Section through abnormal portion of leaf showing reduced leaf thickness, 
collapsed mesophyll and abnormally enlarged mesophyll cells, x 64 
Fic. 5. Same section as Fig. 3. x 287. 

Fig 6. Same section as Fig. 4. x 287. 
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TABLE II 

Sulphate and carbonate ash in collapsed and normal leaf tissue of Washington 
Navel and Valencia orange, expressed in grams per 100 grams 
of dry substance 


Sample 

Leaf tissue 

SO* ASH 

CO a ASH 

Washington Navel 



pm. 

pm. 

1 

Collapsed 

14.8 

11.1 

lc 

Normal 

16.8 

11.4 

2 

Collapsed 

17.8 

11.2 

2c 

Normal 

18.3 

11.5 

3 

Collapsed 

17.7 

11.6 

3c 

Normal 

18.9 

11.2 

4 

Collapsed 

18.4 

11.3 

4c 

Normal 

19.6 

11.2 


Valencia 


7 

Collapsed 

15.8 

8.9 

7c 

Normal 

17.8 

13.5 


The normal spongy mesophyll, as seen in tangential section, contains 
intercellular space. The abnormal spongy mesophyll, prior to collapse, 
shows hypertrophy of certain sponge cells so abutting that no intercellular 
space is visible. 

While normal leaves vary greatly in thickness, sections of the same leaf 
at loci where normal tissue is found, and where mesophyll collapse is appar¬ 
ent, differ greatly. The averages of numerous measurements indicated that, 
in normal tissue, the leaf thickness was 283 p, palisade thickness was 91 p, 
and sponge thickness was 183 p; while in abnormal tissue, the leaf thickness 
was 255 p, palisade thickness was 87 p, and sponge thickness was 153 p. It 
was of especial interest to note that the cuticle was intact in all sections. 
Chloroplasts seemed to be fewer in number in the enlarged spongy meso¬ 
phyll cells than in the normal. 


TABLE III 

Distribution of alkaline-earth and alkali bases and of chloride between expressed 
sap and press cake of collapsed and of normal leaf tissue of Washington 
Navel orange, expressed as milliequivalents per 100 grams of 
sap or dry substance, respectively 


Sample 

Leaf 

TISSUE 

Expressed sap 

Press cake 

Ca 

Mg 

K 

Na 

Cl 

Ca 

Mg 

K 

Na 

Cl 



m. eq. 

m. eq. 

m.eq. 

m.eq. 

m. eq. 

m.eq. 

m. eq. 

m. eq. 

m.eq. 

m . eq. 

3 

Collapsed 

44 

4 

12 

3 

6 

234 

29 

13 

14 

1 

3c 

Normal 

68 

1 

10 

1 

3 

256 

11 

8 

5 

1 

4 

Collapsed 

44 

3 

7 

3 

3 

236 

22 

8 

6 

1 

4c | 

Normal 

91 

2 

5 

1 

1 

278 

14 

7 

3 

2 
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Chemical analyses indicate a number of differences between collapsed 
and normal tissue. As shown in table II, the sulphate ash in the dry matter 
of collapsed tissue was in every case lower than that in the dry matter of 
normal tissue. On the other hand, the carbonate ash was about the same in 
both normal and collapsed tissue. 

The Ca content of the sap of collapsed tissue was lower than that of the 
sap of normal tissue (table III) but the Mg, K, Na, and Cl contents were 
higher in the sap of collapsed tissue than in that of normal tissue (table III). 

The Ca content of the press cake of collapsed tissue, also, was lower than 
that of normal tissue (table III); and the Mg, K, and Na contents were 
higher in the press cake of collapsed tissue than in that of normal tissue 
(table III). There was no significant difference in the Cl content of the 
press cake from normal and collapsed tissue (table III). 

TABLE IV 


Alkaline-earth and alkali bases in collapsed and in normal leaf tissue of 
Washington Navel orange, expressed in milliequivalents per 100 

GRAMS OF DRY SUBSTANCE 


Sample 

Leaf tissue 

Ca 

Mg 

K 

Na 

Total 

Ca, Mg, K, 
AND Na 



m. eq. 

m. eq. 

m. eq. 

m. eq. 

m eq. 

1 

Collapsed 

177 

19 

63 

5 

264 

lc 

Normal 

229 

11 

32 

1 

273 

2 

Collapsed 

230 

22 

40 

3 

295 

2c 

Normal 

258 

13 

23 

3 

297 

3 

Collapsed 

245 

30 

15 

15 

305 

3c 

Normal 

297 

12 

14 

5 

328 

4 

Collapsed 

277 

25 

14 

9 

325 

4c 

Normal 

382 

15 

13 

4 

414 


Analyses of unexpressed normal and collapsed leaf tissues for alkaline- 
earth and alkali bases are shown in table IV. The analyses of samples 1, lo, 
2, and 2c are averages of three separate examinations; namely, analysis of 
plant ash, the sum of 30 per cent. C 2 H 5 OH-soluble and -insoluble fractions, 
and the sum of fractions soluble and insoluble in 0.05 N BaCl 2 in 30 per cent. 
C 2 H 5 OH. Analyses of samples 3, 3c, 4, and 4c are summations of analyses 
of expressed sap and of press cake. The results shown in table IV are in 
agreement with the direction of magnitudes of the cation contents in the sap 
and press cake analyses shown in table III; that is, the Ca is lower in the 
collapsed tissue than in the normal tissue, and the other cations are higher. 
The Na content of sample 2 presents the only exception: it was the same as 
that of the normal tissue of sample 2c. 

Analyses made of the unexpressed normal and collapsed leaf tissues for 
total S S0 4 and P as P0 4 are shown in table V. In samples 5 and 5c from 
WaaMpgton Navel orange leaves, and 6 and 6c from Valencia orange leaves, 
th^jjptaal tissue contained more S than the collapsed tissue. In the Va- 
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lencia leaves of samples 7, 7c, 8, and 8c, however, the'S content of the col¬ 
lapsed tissue was higher than that of the normal tissue. In all cases, the 
P values were higher in the collapsed tissue than in the normal tissue. 
Semiquantitative microanalyses in samples 5, 5c, 6, and 6c indicated larger 
concentrations of P in collapsed tissue. The percentage of moisture in col¬ 
lapsed and normal samples of leaf tissue are also shown in table V. The 
normal leaf tissue of Washington Navel orange and of Valencia orange con¬ 
tained a higher percentage of moisture than the collapsed tissue. The pH 
of normal leaf sap was 5.42, which was slightly, but not significantly, higher 
than the pH of sap from collapsed leaf tissue, which was 5.37. 

TABLE V 

Percentage moisture, total sulphur, and total phosphorus in collapsed and 

NORMAL LEAP TISSUE OF WASHINGTON NAVEL AND VALENCIA ORANGE, EX¬ 
PRESSED IN MILLIGRAM ATOMS PER 100 GRAMS OF DRY SUBSTANCE 


Sample 

Leaf tissue 

Moisture 

1 B 

P 

Washington Navel 



mg. atom . 

mg. atom . 

mg. atom . 

5 

Collapsed 

47.10 

7.3* 

3.8 

5c 

Normal 

48.16 

8.3* 

3.0 

Valencia 

6 

Collapsed 

41.87 

9.2* 

3.5 

6c 

Normal 

42.83 

12.1* 

3.1 

7 

Collapsed 


23.5 

2.9 

7c 

Normal 


20.5 

2.3 

8 

Collapsed 


28.2 

2.8 

8c 

Normal 


23.6 

1.7 


* The authors wish to thank Professor A. J. Haagen-Smit, California Institute 
of Technology, for the microanalyses reported here. 


Comparison of our leaf analyses with those of other workers dealing with 
various nutrient deficiencies and excesses, indicated that the principal differ¬ 
ences between their results and ours lay in the high Mg values obtained by 
us. Consideration of the soil types where mesophyll collapse occurred in 
California, suggested that Mg ++ might be associated with the disorder. 

Several experiments were run with potted sour-orange seedlings, which 
were watered with 50 e.p.m. of MgS0 4 solution for two weeks and then 
leached with distilled water. After two days of the latter treatment, leaf 
symptoms of mesophyll collapse developed. The leaves were sectioned and 
examined. Similarity to mesophyll collapse was evident. 

Discussion 

Ignited residue weighed as carbonate ash is obtained at the relatively low 
temperatures of dull-red heat. It contains, chiefly, combinations of car¬ 
bonates, oxides, and phosphates of the alkaline-earth and alkali bases; small 
amounts of Si, S0 4 , and Cl; and other quantitatively minor constituents. 
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Organic compounds of the bases, such as CaC 2 0 4 * H 2 0, for example, and 
nitrates are converted into carbonates or oxides in the course of the com¬ 
bustion. 

Sulphate ash, on the other hand, is obtained at much higher tempera¬ 
tures. The plant material, prior to the combustion, is treated with H 2 S0 4 . 
Under such conditions the ignited residue consists largely of sulphates and 
phosphates. As the equivalent combining weight of S0 4 is higher than that 
of C0 3 or 0, correspondingly higher figures for the S0 4 ash are obtained, all 
other things being equal. 

In view of these considerations, it is possible to interpret the results 
shown in table II in the following manner. Organic compounds of the bases 
are less prominent in the collapsed tissue than in the normal tissue, as evi¬ 
denced by the consistently smaller differences between the S0 4 and the C0 3 
ash of the collapsed tissue. This conclusion is also supported by the fact 
that S0 4 ash is higher in the normal tissue than in the collapsed tissue, while 
carbonate ash, in all samples except those of Valencia orange, is nearly 
identical in the two tissues. Furthermore, were the C0 3 ash residues largely 
identical in kind, the trends in the S0 4 ash would not have become manifest. 
One may infer, therefore, that, while some quantitatively important ** acidic’’ 
constituents of the COi ash of collapsed tissue are similar in their equivalent 
combining weight to those of the C0 3 ash of normal tissue, they are not con¬ 
verted to S0 4 in the course of the S0 4 ash determination. Tertiary P0 4 
would be the most likely type of substance responsible for this difference. 
If it is assumed that the observed difference is due to tertiary P0 4 , the col¬ 
lapsed tissue would be expected to contain more P0 4 than the normal tissue, 
but less of the organic compounds of the alkaline-earth and alkali bases. 
Actually, analyses of the tissue for P0 4 showed that this was the case. 

Relative amounts of Ca in the sap phase of collapsed tissue are much 
lower than in the corresponding samples from normal tissue. The ratio of 
Ca to the alkali bases, for example, is 3 and 4 in the sap of collapsed tissue 
as against 6 and 15 in that of normal tissue, for samples 3 and 4 and 3c and 
4c, respectively. In the press cake analyses, similar trends are also mani¬ 
fest ; but, recognizing that variable amounts of sap are retained in the press 
cake against a pressure of 16,000 lb. per square inch, we have not relied on 
the press cake analyses alone. 

Hydration of colloids contained in the leaf tissue is most probably influ¬ 
enced by the kind of cations combined or associated with the colloids. It is 
reasonable to infer that, all other things being equal, any increase in the 
proportion of monovalent cations, that is, K + and Na + , in the liquid phase in 
equilibrium with the colloidal surfaces, would produce corresponding 
changes in the cations adsorbed by the colloids; whereupon the extent of 
hydration of fibe latter would in all probability be increased. In fact, 
Stdewer ( 23 ) ^showed that, in aqueous solution, pectic acid is 21 per cent, 
hydrated; pectin, 25; calcium pectate, 35; and sodium pectate, 38. Such an 
increase in hydration would also be brought about by the removal of Ca ++ by 
replacement with monovalent cation. 
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Precipitation or translocation of Ca ++ would be ejected after replace¬ 
ment, and our analyses suggest the latter possibility rather than the former. 
Any increase in amounts of cations other than Ca+% would tend to increase 
the mobility of Ca ++ in the plant tissue, whether this Ca is in the adsorbed 
or in the precipitated form. 

Stuewer ( 23 ), as a result of his experiments, states that the sodium salts 
of pectin are highly dissociated, that the salts of divalent metals are con¬ 
siderably less dissociated, and that the acid is still less dissociated. These 
results are in agreement with the reported facts that sodium salts hinder 
jelling, while calcium chloride promotes it. In our own studies, despite 
variations in the absolute amounts of the bases and in every comparison of 
collapsed tissue with corresponding normal tissue, Mg, K, and Na were 
always higher in the collapsed tissue than in the normal tissue, while Ca was 
always lower. This suggests that the weakening of the gel structure in the 
spongy mesophyll cells may be caused by the high concentrations of Mg ++ , 
K + , and Na+, and the low concentrations of Ca ++ , so that in irregularly occur¬ 
ring periods of unusual transpirational stress, collapse of the cells results. 

The work of Kertesz et al. ( 18 ) seems to support this interpretation of 
results. They found that Ca salts added to canned tomatoes result in the 
better retention of the original firmness of the fruit. It was postulated by 
Kertesz ( 17 ) that the addition of Na or K salt accomplished just the oppo¬ 
site of the Ca effect, inasmuch as Ca is removed from the tissue by an ex¬ 
change of ions. This reaction was confirmed by Greenleaf, according to 
Kertesz et al. ( 18 ). Greenleaf ( 13 ) has further shown that the Ca salt 
improves the texture of the canned product by forming calcium pectate. 

The findings of Steward, Stout, and Preston ( 22 ), in their respiration 
studies, indicate that K + increases the mobility of pectin. They found that 
KBr at high oxygen tension, through the action of K + on Ca ++ , caused the 
transfer of a uronic acid from potato disks to blotting papers; this, when 
calculated as pectin, accounted for the concomitant loss of carbon on their 
balance sheets. It also seems possible that such colloids as proteins might 
act in a similar manner under the influence of K + or Na + . 

The fact that normal leaf tissue has a higher percentage of moisture than 
tissue containing collapsed spongy mesophyll cells, may be interpreted as 
support of the explanation of the mechanism of collapse, since weakening of 
the gel structure to the extent where collapse would occur would be followed 
by a loss in water and necrosis. This process is commonly observed as a 
result of freeze injury in citrus fruits and affects entire vesicles. 

While these facts suggest the mechanism of the collapse of the spongy 
mesophyll, they do not contain any suggestion as to the mechanism of the 
enlargement of certain of the spongy mesophyll cells found among the col¬ 
lapsed cells. 

The theory that the citrus red mite, or red spider, may be responsible for 
mesophyll collapse seems to offer an explanation of the enlarged cells, since 
the effect of certain indole derivatives and excreta from insects is known to 
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cause intumescences in leaves (20). Mesophyll collapse may be abundant, 
however, where red spider infestations are light; and in greenhouse studies 
with red spider, we failed to produce symptoms of mesophyll collapse. 
Macroscopic examination of the surface of certain leaves from the field, 
exhibiting mesophyll collapse, failed to show symptoms of red spider injury, 
such as silvering of the upper surface of the leaf. Microscopic examination 
in cross section failed to show spots in the palisade parenchyma lacking 
chlorophyll, which we have found in silvered leaves having heavy infesta¬ 
tions of red spider. We have therefore questioned the red spider explana¬ 
tion of mesophyll collapse, despite the similar distribution of the two. 

Haas and Thomas (15) have shown that in leaves from Lisbon lemon 
trees, severe injury is correlated with a high S content ranging from 0.68 to 
1.10 per cent, of the dry matter. In the field, S0 4 injury occurred where 
NaN0 3 was absent in fertilizers containing blood and bone meal and K 2 S0 4 ; 
or blood, bone meal, and K 2 S0 4 ; or impure CaH 4 (P0 4 ) 2 (superphosphate), 
alone or in combination with organic fertilizers, but without NaN0 3 . The 
S0 4 content of mesophyll-collapsed tissue, however, is about normal. Values 
agree well with those reported by Kelley and Cummins (16) for normal 
leaves and with those reported by Haas and Thomas (15) for uninjured 
leaves. But our values are much lower than those reported by Haas and 
Thomas for leaves showing severe S0 4 injury. 

Analyses of Chapman and Brown (2) on leaves of P-deficient navel- 
orange trees, show a disturbed ionic balance in the leaf tissue similar to that 
found by the authors in mesophyll collapse, except that the P content was 
low in their material and high in ours. The values of Chapman and Brown 
(3) for S-deficient plants, as compared with healthy plants, agree with our 
values for collapsed tissue of mature leaves, as compared with normal leaf 
tissue, except in S content, where our results were variable. The values of 
Chapman and Liebig (4) for high-S0 4 plants at various nitrogen levels are 
similar to our results for Ca, K, and P; but Mg is low and S is high for 
high-S0 4 , while in mesophyll-collapsed tissue, Mg is high and S is variable. 
Only a few points of agreement were noted between their chloride series and 
our results. 

Eaton (5) grew eight crops in nutrient media containing 50 and 150 
milliequivalents of Cl and 50, 150, and 250 milliequivalents of S0 4 per liter. 
His sap analyses of these crops for Ca, Mg, K, and Na, as well as the sum of 
the cations in several instances, show the same trend for high S0 4 plants, 
as compared with control, as our results show for collapsed tissue as com¬ 
pared with normal tissue. 

From the preceding comparisons, it may be surmised that mesophyll col¬ 
lapse is related chemically to an unbalance in the ionic constituents of the 
plant. It is possible that this unbalance may be due to excesses or deficien¬ 
cies in soil constituents. 

Morphologically, the appearance of mesophyll collapse may resemble the 
external loaf symptoms sometimes obtained in water culture in B deficiency 
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or in cultures at high nitrate levels, using Ca(N0 3 )2- ’Certain leaves show¬ 
ing symptoms of mesophyll collapse were obtained from such cultures 3 for 
histological examination. None of these leaves contained collapsed spongy 
mesophyll cells, but they showed distinct histological characteristics peculiar 
to the two types of cultures from which they were obtained. Camp 4 states 
that he has produced symptoms of mesophyll collapse by treating dry citrus 
trees with excesses of KN0 3 , or with Ca(N0 3 ) 2 . Bain and Chapman (1) 
produced similar symptoms in grapefruit cultures, using Ca(N0 3 ) 2 in com¬ 
bination with waterlogged soil. 

Further work will be necessary to determine whether one or several types 
of ionic unbalance may bring about typical external and internal symptoms 
of mesophyll collapse. 

Summary 

Mesophyll collapse apparently occurs in leaves of orange trees in the 
coastal regions of all southern California orange districts. It is confined 
largely to leaves of orange and has seldom been seen on those of lemon. 
Leaves exhibiting mesophyll collapse have chlorotic, translucent, water- 
soaked-appearing areas, principally in the central portion of the leaf blade, 
although collapse symptoms may occur anywhere in the lamina; brown 
necrotic spots may develop in the translucent areas. Histological examina¬ 
tion of affected leaf tissue shows enlarged sponge cells interspersed with 
collapsed sponge cells, reduced intercellular spaces, and chlorophyll-depleted 
spongy mesophyll cells. 

Ca was invariably found to be lower in collapsed tissue than in normal 
tissue, while K, Mg, Na, Cl, and P were somewhat higher than in normal 
tissue. The ratio of Ca to K was accordingly lower in the collapsed tissue 
than in the normal tissue. Distribution of the alkaline-earth and alkali 
bases between the liquid (sap) and the solid phases of autoclaved leaf tissue 
likewise showed similar differences in absolute and in relative amounts of 
Ca and K. No consistent difference in the S content of collapsed and nor¬ 
mal tissue was found. Consistently lower percentages of S0 4 ash were 
found in the collapsed tissue than in the normal tissue, while the C0 3 ash 
was the same in both normal and collapsed tissue. 

The writers are indebted to Prof. H. S. Fawcett for his assistance and 
cooperation throughout the work, and to Professors E. T. Bartholomew, 
W. H. Chandler, R. W. Hodgson, A. M. Boyce, and H. D. Chapman for 
critical reading of the manuscript. 

University or California Citrus Experiment Station 
Riverside, California 
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RADIANT ENERGY NOMENCLATURE 1 


Robert B. Withrow 

Introduction 

This report is presented in an endeavor to promote among plant physi¬ 
ologists a more consistent and uniform usage of nomenclature pertaining to 
radiant energy. The committee has tried to assemble the most authoritative 
and useful terminology recommendations in a readily available form. No 
endeavor has been made, however, to present a complete discourse on radiant 
energy nomenclature since it is considered better to avoid the introduction 
of terms and relationships which are not likely to be used by plant physi¬ 
ologists. 

The nomenclature committees of the Optical Society of America and of 
the Illuminating Engineering Society have been instrumental in bringing 
about the standardization of radiant energy terminology (3, 4, 5, 6, 7, 8, 9, 
10, 11). The present paper is based upon the latest official reports of these 
two societies (5, 6, 8). Definitions of terms not covered in these reports have 
been taken from other authoritative sources (1, 2, 12,13). 

The Physical Methods Committee has found it difficult to decide which 
terms would be the more useful for plant physiologists where there is dis¬ 
agreement between the terminology recommended by the Optical Society 
and that recommended by the Illuminating Engineering Society. It finally 
was decided to give preference to the terms recommended by the Optical 
Society but to include in parentheses the equivalent terms of the Illumi¬ 
nating Engineering Society. It should be noted that the last report of the 
Illuminating Engineering Society Committee (5) has been accepted by the 
American Standards Association and probably will be followed rather closely 
in the engineering fields. The latest published report of the Optical Society 
(8) is preliminary in nature but a final report which includes certain revi¬ 
sions is being prepared for publication. The Physical Methods Committee 
was informed of the revisions to be made in terms to be included in the pres¬ 
ent report and these revisions have been taken into account in the prepara¬ 
tion of this paper. 


Radiometric and photometric terms 

Table I presents the recommended system of nomenclature for radio- 
metric and photometric terms. It will be noted that for each radiometric 
term, there is a corresponding photometric term. Photometry is considered 
as a special case of radiometry in which the radiometer or detector of radiant 
energy is the human eye or a selective detector employed as a substitute for 
the eye. The plant physiologist seldom is justified in using photometric 
i A report of the Physical Methods Committee of the American Society of Plant 
Physiologists. Membership: R. B. Withrow, Chairman, S. T. Dexter, K. C. Hamner, 
and B. S. Meter. 
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Radiometric \nd photometric nomenclature and units 



* Where there is disagreement between the terms of the Optical Society of America and those of the Illuminating Engineering Society, the O.S.A, terms are given 
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terms in dealing with physiological problems since the radiant energy is 
used in most instances to irradiate plants or non-living physical or chemical 
systems. Under these circumstances, the radiant energy is not being used 
for visual purposes. Photometric terms may be used logically in cases, how¬ 
ever, where the eye is involved as the detector of the radiant energy, as in 
the use of visual optical instruments in general and in specifying conditions 
concerning the visual inspection of objects. As w T ill be discussed later, 
photometric units may be used as units of irradiance under those conditions 
where the eye or another detector of similar spectral sensitivity is used as 
the selective radiometer. 

Photo - has been used extensively as a prefix in the restricted sense to 
mean light and in the more general sense as synonymous with radiant en¬ 
ergy. Common uses with the latter connotation are photograph, photo¬ 
chemistry, and photon. Many such terms as these have become so well 
established that there is little value in attempting to change their prefix to 
the more logical one of radi-. 

Radiant energy is that form of energy which is propagated through space 
in the form of electromagnetic waves. It may be specified in terms of the 


TABLE II 

Conversion factors for energy units 


Units 

Erg 

Joule 

Gram-Calorie 

Erg . 

1 . 

io- 7 

0.239 x 10- 7 

Joule ... 

10 7 

1 . 

0.239 

Gram-calorie . 

4.18 x 10 7 

4.18 

1 . 


spectral region involved such as visible radiant energy, ultraviolet radiant 
energy, or X-radiant energy (X-rays). It also may be specified in terms of 
the source of the energy such as incandescent-lamp radiant energy or solar 
radiant energy. It is preferable to use the term solar radiant energy rather 
than the commonly used terms sunlight and daylight when dealing with 
plant physiological problems. 

The units of radiant energy are the same as those for other forms of 
energy. Some of the most frequently used units are the erg, joule, and 
gram-calorie. The quantitative relationship between these units is presented 
in table II. 

The photometric correlate of radiant energy is luminous energy or light 
which is radiant energy evaluated with respect to its capacity to produce 
visual sensation. Light is, therefore, radiant energy spectrally evaluated 
in accordance with the luminosity curve of the human eye. Radiant energy 
in the region of 555 mp, which appears yellow-green to the eye, is more effi¬ 
cient in producing the sensation of brightness than that of any other region 
ot the spectrum. Longer or shorter wavelengths are less efficient. The 
s^ndard luminosity curve drops to about one-tenth of one per cent, of the 
maximum value at 410 mp in the blue-violet and 720 mp in the red. Radiant 
energy of wavelengths outside of these limits in the ultraviolet and infrared, 
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respectively, logically cannot be termed light because it has little or no 
capacity to produce direct visual sensation. Therefore, such terms as 6 i ultra¬ 
violet light 77 and “infrared light 77 are misnomers. Within the limits of the 
visible spectrum, radiant energy may be termed light only if it is being 
evaluated in terms of its capacity to produce visual sensations. 

Radiation is the process by which radiant energy is generated and 
emitted by a source , and propagated through space . Radiation is not synony¬ 
mous with radiant energy although it frequently has been used in that sense. 
Lumination (illumination ) is the photometric analog of radiation and is the 
term applied to the generation and propagation of luminous energy or light. 

A radiator is any source of radiant energy, regardless of the region of the 
spectrum involved. The term is usually applied only to that part of the 
mechanism which actually is radiating, such as the filament of an incan¬ 
descent lamp or the target of an X-ray tube. 

A luminator (lamp, illuminant) is any artificial source of luminous 
energy (light). The term lamp, however, is frequently applied to sources 
of near ultraviolet, visible, and near infrared radiant energy. The term 
usually includes not only the radiator but the whole permanently attached 
assembly such as the electrode supports, enclosure, and mounting base. 

Special attention is directed to the common but very confusing practice 
of referring to lamps by trade names. Such terms as Mazda, Osram, Pointo- 
lite, Uviarc, Cooper-Hewitt and others are trade names which frequently 
have little significance to the reader as to the nature of the lamp employed. 
It is preferable to designate lamps by more descriptive technical terms as 
incandescent, high pressure mercur}’ arc, sodium arc, or as the case may 
require. Additional informative data as wattage and color temperature 
should be included where it is necessary for proper interpretation of the 
experimental results. 

Radiant density is the volume density of radiant energy and expresses 
the amount of the radiant energy existing within a unit volume of the space 
under consideration. The unit is the erg per cubic centimeter. Luminous 
density is the analogous photometric term. 

Every useful source of energy is evaluated in some unit of pow T er which 
is a measure of the time rate of flow of the energy. In the case of a source 
of electrical energy such as a generator, the unit of power is the joule per 
second or watt. Similarly, sources of radiant energy may be evaluated in 
terms of the time rate of flow of the radiant energy into the surrounding 
space which is termed the radiant flux of the source. The term radiant flux 
is not limited to sources alone but is generally applicable to any system in¬ 
volving the transfer of radiant energy. As with any other power term it 
has nothing to do with the direction of flow of the energy or the dimensional 
configuration of the system. It may be applied with equal logic to receivers 
of radiant energy as well as to generators. 

Luminous flux is the time rate of flow of luminous energy (light) and is 
expressed in terms of the lumen . The candle is the unit of luminous in- 
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tensity The unit used in the United States is a specified fraction of the 
average horizontal candlepower of a group of 45 carbon-filament lamps, pre¬ 
served at the National Bureau of Standards, when the lamps are operated 
at speciGed voltages. This unit is identical, within the limits of uncertainty 
of measurement, with the international candle established in 1909. 

It is evident that the complete surface of a sphere having a theoretically 
uniform point source of luminous intensity of one candle at its center would 
intercept a total flux of 4 tt lumens. Since the area of a sphere is 4rrr 2 , any 
portion of the total surface equivalent in area to the square of the radius 
will intercept a luminous flux of one lumen. The solid angle thus formed, 
having its apex at the source and its, base enclosing a surface on the sphere 
equivalent in area to the square of the radius, is called a steradian. The 
lumen is therefore a unit of luminous flux and is defined as the luminous flux 
passing through a unit solid angle, or steradian, from a uniform point source 
having a luminous intensity of one candle. It is also the flux on a unit sur¬ 
face, all points of which are at unit distances from a uniform point source 
of one candle. 

It frequently is desirable to specify geometrically the radiant flux of the 
source. Three intensity terms and their photometric analogs have been 
developed for this purpose. These terms serve to specify the radiant flux 
emitted by the source as a function of various geometrical units. Radiant 
emittance {radiancy) is an expression of the radiant flux emitted per unit 
area of the source. This term usually is applied to distributed sources of 
large area such as the fluorescent lamp. The unit is the watt per square 
centimeter. Luminous emittance is the corresponding photometric term. 

When sources such as a carbon arc or a projection lamp are employed in 
optical systems which are large as compared with the dimensions of the radi¬ 
ator, the source may, for all practical purposes, be considered as a point 
source having no surface area. Therefore, the quantity that is of interest 
is not the flux emitted per unit area but the radiant flux emitted per unit 
solid angle, or steradian, which is termed the radiant intensity. The unit is 
the watt per steradian. Luminous intensity {candlepower) is evaluated in 
terms of the candle or of the lumen per steradian. 

Radiance {steradiancy) is a term which is applicable to diffuse sources. 

It is a combination of the two previous terms and may be defined as the radi¬ 
ant flux per unit solid angle per unit of projected area and is expressed as 
the watt per steradian per square centimeter. The photometric term is 
luminance {brightness) and is expressed in the unit of the candle per square 
centimeter of projected area, or stilt . 

The terms radiant emittance {radiancy ), radiant intensity, and radiance 
{steradiancy) and their photometric analogs are intensity terms which are 
extensively used in Jjnpers in engineering and physics dealing with radiant 
flux measurements on sources of radiant energy. Their primary use to 
physiologists is in making calculations concerning the irradiances obtainable 
from such sources. 
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Irradiation is the process of interception of radiant energy by an object . 
It may be considered as the converse of radiation. Thus, it is logical to 
speak of radiation by a source, in the sense of the process of the emission of 
radiant energy, and of the irradiation of an object. Irradiation may be 
specified in terms of the spectral region involved such as visible irradiation, 
ultraviolet irradiation, or X-irradiation; or in terms of the type of source 
used, such as incandescent lamp irradiation or solar irradiation. Illumina¬ 
tion is the corresponding photometric term and is, therefore, the converse of 
lumination. 

The quantitative expression of the degree or magnitude of irradiation is 
the irradiance (irradiancy) , which is the intensity term dealing with the 
interception of radiant energy. The irradiance of a surface is the incident 
radiant flux per unit area. It is very unfortunate that intensity , which is a 
general nonspecific term, has been used so extensively as a substitute for the 
specific term irradiance. 

TABLE III 

Conversion factors for irradiance lnits 


Units 

Erg/(sec cm 2 ) 

Erg/(sec mm 2 ) 

Micro¬ 

watt/cm 2 

Gm cal/(min 

CM2) 

Erg/(sec em a ) 

1 . 

0.01 

0.1 

1.43 x 10 0 

Erg/ (sec innr 1 ) 

100. 

1 . 

10. 

1.43 x 10-* 

Microwatt/cm a 

10. 

0.1 

1 . 

1.43 x 10 * 

Gmeal/(min cm 2 ) 

7 x 10 B 

7x 10 3 

7x10* 

1 . 


While the defining equations and the basic units for radiant emittance 
and irradiance as given in table I are the same, it should be noted that the 
former term applies to sources while the latter applies to interceptors of 
radiant energy. 

Many units of irradiance have been employed in the literature. Some of 
those units which have been used most frequently are compared in table III. 
The microwatt per square centimeter is a very convenient and logical unit 
for biological work. It is the unit which the National Bureau of Standards 
uses in expressing the irradiances obtainable with their standard lamps. 

The photometric analog of irradiance is illuminance (illumination ). It 
is expressed in such units as the lux, lumen per square meter or metercandle, 
the phot or lumen per square centimeter, and the footcandle or lumen per 
square foot. The relationships between these units are given in table IV. 
The footcandle is an unfortunate unit both as to name and definition because 
it implies the product of the foot and the candle and because it is not based 
upon the metric system of units. Since, however, it has attained such gen¬ 
eral usage in the United States and most of the commercially available 
illuminometers are calibrated in footcandles, it will undoubtedly continue to 
be used. 

The terms dark and darkness designate a zero level of the psychophysical 
entity, luminous energy or light, whose absence is obviously without any 
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physical influence of any kind. Since there is no convenient radiometric 
analog, the terms are logically carried over to imply a zero level of radiant 
energy in the near ultraviolet, visible, and near infrared regions of the spec¬ 
trum, the limits depending upon the nature of the reactions under consider¬ 
ation. The terms frequently have been used as if they referred to a positive 
entity capable of a specific physical or chemical influence. Typical examples 
of such misuse are “the effect of light and darkness,’’ “reactions due to 
darkness,” and “dark reactions.” The term “dark reaction” refers to 
chemical or physical reactions which do not require the direct absorption of 
radiant energy, but which are associated with the photochemical reactions 
under consideration. Such “dark reactions” do not require darkness in 
order to proceed nor are they usually affected by the incidence of radiant 
energy except indirectly as the precursors or the reaction products may be 
affected by the photochemical reactions. 


TABLE IV 

Conversion factors for illuminance units 


TJnits 

Lux 

PnoT 

Milliphot 

Footcandle 

Lux 

1 . 

0.0001 

0.1 

0.0929 

Phot 

10000. 

1 . 

1000. 

929. 

Milliphot 

10. 

0.001 

1 . 

0.929 

Footcandle 

10.76 

0.001076 

! 

1.076 

1 . 


1 lux = 1 lumen incident per square meter; 

= 1 metercandle. 

1 phot = 1 lumen incident per square centimeter. 

1 footcandle = 1 lumen incident per square foot. 

Experimentally it is never possible to exclude all forms of radiant 
energy. Cosmic rays are always present and all bodies above a temperature 
of absolute zero are radiating energy which is largely confined to the infra¬ 
red region of the spectrum. While obviously it is seldom necessary to 
specify the spectral limits so completely, these considerations should be kept 
in mind in using terms implying zero levels of radiant energy. 

Badiometry is the science of the measurement of radiant energy. The 
instrument used for such measurements is known as a radiometer or a pho¬ 
tometer . The prefix photo- is used here in the general sense as previously 
mentioned. Spectroradiometry or spectrophotometry is the science of the 
measurement of radiant energy as a function of the wavelength or fre¬ 
quency. The instrument used for the measurement of the spectral energy 
distribution of the radiant flux is called a spectroradiometer or a spectro¬ 
photometer and consists of a radiometer or photometer in conjunction with 
a spectrometer. The term spectrograph usually is applied to instruments 
which record the spectrum on a photographic emulsion, but the term has also 
been extended to those instruments in which the spectrum is recorded me¬ 
chanically on a chart or electrically recorded with a cathode ray tube. The 
more logical procedure is to term such instruments recording spectroradi - 
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ometers (13) or recording spectrophotometers (2) in order to distinguish 
them from photographic instruments. 

Spectral terms 

The spectrum is an optical arrangement of radiant energy with respect 
to wavelength or frequency. The spectral distribution of radiant energy is 
a function expressing analytically or graphically the relation between the 
radiant flux and the wavelength or frequency. The relationships between 
the various wavelength units are given in table V. They are the micron (p), 
the millimicron (mp), the Angstrom (A), and the X unit (XU). The milli¬ 
micron is the most convenient unit for use in the visible spectrum where only 

TABLE V 

Comparison of spectral units 


Wa\ elength 

Frequency 

Wave number 

Micron 

Millimicron 

Angstrom 

Fresnel 

Wavelengths/cm 

cm -1 

a 

mu 

A 

f 

0.2 

200 

2000 

1500 1 

50000 

0.3 

300 

3000 

1000 

33300 

0.4 

400 

4000 

750 

25000 

0.5 

500 

5000 

600 

20000 

0.6 

600 

6000 

500 

16600 

0.7 

700 

7000 

428 

14300 

0.8 

800 

8000 

375 

12500 

0.9 

900 

9000 

333 ! 

11100 

1.0 

1000 

10000 

300 | 

10000 


0.001 mm = 1^=1000 m^i = 10,000 A = 10,000,000 XU. 

The Fresnel, f, is equivalent to 10 ia vibrations per second. 

The wave number is equivalent to the reciprocal of the wavelength in centimeters. 
The velocity of radiant energy in vacuo is 3.00 x 10m cm./sec. 


three significant figures are necessary. The millimicron sometimes has been 
designated inconsistently as pp. Since p is intended to denote one-millionth, 
then the unit, pp, would be one-millionth of a micron instead of one-thou¬ 
sandth of a micron. It should be noted that the English A is now preferred 
in writing Angstrom; its abbreviation (A) replaces the Swedish A. The X 
unit usually is used in the X-ray region of the spectrum. 

Frequencies are expressed in units of the vibrations per second and in 
the fresnel (f). Another unit which is often used in place of frequency is 
the wave number which is the number of wavelengths per centimeter of path 
in vacuo. 


Transmission and related terms 

There is less agreement on terms relating to the transmission of radiant 
energy through matter than there is for the other phases of radiant energy 
nomenclature. The recommendations presented here are taken from corre¬ 
spondence with the chairman of the Optical Society Committee, the Illumi¬ 
nating Engineering Society report (5), and the United States Bureau of 
Standards Miscellaneous Publication 114 (1). Committees of other organi- 
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zations are now attempting to standardize this entire field of nomenclature 
and the present recommendations should be considered as tentative, espe¬ 
cially in regard to the relationships governing the transmission of radiant 
energy through substances in solution which are given in table VI. 

Transmission is the process by which radiant energy is transmitted 
through matter. Diffuse transmission is that form of transmission in which 
the transmitted radiant energy is emitted in all directions from the trans- 

TABLE VI 

Relations governing the propagation of radiant energy through 

SUBSTANCES IN SOLUTION 


Incident- 

radiant flux 


Solvent 

or 

solution 

OF 

concentration c 
<-Thickness b - > 


—^Transmitted 

RADIANT FLUX P, 


Absorption cell 


Tsolution ^-—-transmittance (transmission factor) of a cell containing the 
** solution 

p 2 


Tg 0 i L , e nt = ij- = transmittance (transmission factor ) of the same (or a dupli¬ 
cate cell) containing the solvent 


T = 


Pi 

T\ 


solution 


= transmittancy 


t -- - c ' 


T solvent 
^ ■■■■■ ■< 

; yT = specific transmissivity (Beer’s Law) 
b = thickness of the solution 
c = concentration of the solution 
k = - logiot = - 1 /be logioT = specific absorptivity 
i = -log e t =-l/&clog e T = specific absorptive exponent 


mitting body. Regular transmission is that in which the direction of the 
transmitted pencil of radiant energy has a definite geometrical relation to 
the corresponding incident pencil. 

Absorption is the process by which radiant energy is converted within a 
body into other forms of energy such as heat. 

The transmittance (transmission factor) of a homogeneous body is the 
ratio of the radiant flux transmitted by the body to the incident flux. The 
transmittance takes into account not only the radiant energy which is ab¬ 
sorbed directly by the body but also that which is reflected at the surfaces. 
Therefore it is the term which is used when no correction for surface reflec¬ 
tion is made, 

The transparence ( transmittance) is the ratio of the radiant flux incident 
to the seoetod surface to that which enters the first surface. The use of this 
term takes into account only that radiant energy which is directly absorbed 
by the body itself and therefore' is the transmittance corrected for surface 
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reflections. When the regular transmission of a non-diffusing body such as 
a glass filter is measured in air by obtaining the ratio of the transmitted 
flux to the incident flux, the quantity that is obtained is the transmittance. 
The transparence of the same body can be obtained by making the measure¬ 
ment of incident and transmitted fluxes with the body immersed in a liquid 
having the same index of refraction as the body itself in order that surface 
reflections may be eliminated or at least reduced to negligible values. 

Absorptance is the ratio of the radiant energy which is absorbed by a 
body to that which enters it. It is obtained by subtracting the transparence 
from unity. 

The transmissivity is concerned with solids and liquids of constant com¬ 
position and is the transparence per unit thickness of the substance. 

When dealing with substance in solution, it is desirable to correct for 
solvent absorption as well as reflection losses. Transmit fancy involves cor¬ 
rections for both of these losses and is applicable only to substances in solu¬ 
tion. It is usually obtained from the ratio of the transparence of an absorp¬ 
tion cell containing the solution to that of an identical cell containing the 
solvent. The transmissivity of such a solution is termed the specific trans¬ 
missivity and is the transparence per unit thickness and concentration. The 
adjective specific is added to terms involving substances in solution in order 
to distinguish them from analogous terms for homogeneous media in which 
concentration and solvent absorption are not factors. The equation for spe¬ 
cific transmissivity is an expression of Beer’s Law which states that for solu¬ 
tions of constant thickness, the radiant flux transmitted by a substance in 
solution is an exponential function of concentration. This law holds for 
dilute solutions but is frequently only an approximation for concentrated 
solutions. 

The specific absorptivity is the common or decadic logarithm of the re¬ 
ciprocal of the specific transmissivity. This quantity has been designated 
by various terms as specific absorptive index (1), extinction coefficient, etc. 
The natural or Naperian logarithm of the reciprocal of the transmissivity is 
the specific absorptive exponent. 

Reflection is the process by which the direction of the propagation of 
radiant energy incident at a surface is changed. In the case of regular or 
specular reflection, the angle of reflection is equal to the angle of incidence. 
In diffuse reflection, the radiant energy is reflected through all angles in¬ 
cluded within tt radians or 180° for each small increment of surface. The 
scattering of radiant energy from non-metallic films, such as surfaces of 
white paint pigments, usually involves both reflection and refraction, but the 
total process is spoken of as reflection and reflection terms are used. Reflec¬ 
tance (reflection factor) is the ratio of reflected radiant energy to the inci¬ 
dent radiant energy. 

Refraction is the process by which the direction of propagation of radiant 
energy is changed in its passage through a surface boundary between two 
media. The refractive index is the ratio of the sine of the angle of incidence 
to the sine of the angle of refraction. 
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Diffraction is the bending of waves around obstacles, the degree of bend¬ 
ing increasing with the wavelength. 

When radiant energy of one wavelength is absorbed by a substance and 
re-radiated at a longer wavelength, the phenomenon is termed fluorescence. 
If the re-emission of radiant energy persists for an appreciable length of 
time after the removal of the exciting energy, the term phosphorescence is 
usually applied to the phenomenon. 

Miscellaneous terms 

Polarized radiant energy, commonly called polarized light, is radiant 
energy in which the vibrations of the electromagnetic waves are confined to 
a single plane. In the case of non-polarized radiant energy, the vibrations 
are equally distributed in all planes about the axis of propagation. The 
energy emitted by most sources is non-polarized. 

A blackbody is an ideal temperature radiator whose radiant emittance 
in all parts of the spectrum is the maximum obtainable from any tempera¬ 
ture radiator at the same temperature. Such a radiator is called a black- 
body because it will absorb all of the radiant energy which is incident to it. 
A graybody is a temperature radiator in which the radiant emittance is less 
than that of a blackbody at the same temperature. The ratio of radiant 
emittance of the graybody to that of a blackbody is the same at all wave¬ 
lengths. This ratio is the total emissivity of the graybody and is always 
less than unity. 

The color temperature of a source of radiant energy is that temperature 
at which a blackbody must be operated to give a color match with the source 
in question. For a source such as an incandescent tungsten filament, the 
spectral energy distribution may be calculated with considerable accuracy 
from published data on the spectral energy distribution of a blackbody 
having the same temperature as the color temperature of the lamp filament. 
Color temperatures are usually assignable only for sources which have a 
spectral energy distribution which is not greatly different from that of a 
blackbody within the visible spectrum. 

The quantum theory postulates that the exchange of energy from one sys¬ 
tem to another is discontinuous in nature and that the energy is absorbed or 
emitted in small units known as quanta. The quantum, which also is called 
the photon, is therefore the smallest unit of energy which can be absorbed or 
emitted by an atom or a molecule. The energy of the quantum or photon 
is ftv where h is Planck’s Constant, which is equal to 6.62 x l(h 27 erg • sec, 
and v is the frequency in vibra#bn per second. Thus the energy of a quan¬ 
tum is proportional to the frequency and is inversely proportional to the 
wavelength. 

Einstein’s principle Qf photochemical equivalence postulates that in a 
photochemical reacta$l the primary process involves the activation of one 
molecule of a substance by one quantum of radiant energy. The einstein 
is the energy required to activate one gram molecular weight of such a sub¬ 
stance. The quantum yield or quantum efficiency of a photochemical reac- 
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tion is the number of molecules reacting per quantum of radiant energy 
absorbed or the ratio of the number of moles reacting to the number of ein- 
steins absorbed. 

The Physical Methods Committee is indebted especially to Dr. Loyd A. 
Jones, Chairman of the Colorimetry Committee of the Optical Society of 
America, to Dr. E. C. Crittenden, Chairman of the Nomenclature Com¬ 
mittee of the Illuminating Engineering Society, to Dr. K. S. Gibson, and to 
Dr. K. W. Meissner, all of whom have very generously cooperated in review¬ 
ing and criticizing the manuscript. The Committee wishes to express its 
appreciation to those others who also have been very helpful in their criti¬ 
cisms of this report. 

Agricultural Experiment Station 
Purdue University 

West Lafayette, Indiana 
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SUGARS IN RELATION TO COLOR AND THIOCYANATE 
SPRAY IN APPLES 1 

R. H. Leonard and R. B. Dustman 

Since the discovery of the effect of sodium thiocyanate spray in increas¬ 
ing the amount of red color in apples (3, 4) information has been desired 
concerning the chemical changes occurring in the sprayed fruit and the rela¬ 
tionships of anthocyanins to other constituents. It has long been known 
that carbohydrates are associated with anthocyanins and related in some 
manner to their formation; consequently a study of the sugars present con¬ 
stituted the first step in seeking a possible explanation of this relationship. 

Since the thiocyanate spray increases color development it is reasonable 
to suppose there may be other differences in chemical composition between 
sprayed and unsprayed fruits. The red pigment occurs in small and 
variable amount and cannot be measured quantitatively. For this reason 
color differences can be expressed in qualitative terms only, but the sugars 
can be measured and expressed in quantitative values. 

The identity of the red pigment in three varieties of apples (2, 8) sug¬ 
gests that it may be the same material in all varieties, viz., idaein or 
3-0-galactosidyl-cyanidin. Determination of the differences in the sugar 
content of various regions of the fruit (1) has shown that more sugar is 
present in the stem end than in the calyx end; and that there is more sugar 
in the colored side than in the uncolored side. Levulose has been found 
to be the preponderant sugar in the apple (5), but dextrose and sucrose 
also are present in considerable amounts. These three appear to be the only 
sugars present in the apple in significant quantities. 

Materials and methods 

The apples analyzed for this report were grown in the University Horti¬ 
culture experimental orchard at Morgantown in the summer of 1941. All 
trees received the customary sprays for insect and disease control (9). 
Superimposed upon this treatment in certain varieties were three sprays 
of 0.1 per cent, sodium thiocyanate, the characteristic effects of which have 
already been described (4). All varieties were harvested in season and 
stored at 3° C. until analyzed. Summer varieties were analyzed in the early 
fall and analyses of the winter varieties were completed before the end of 
the year except„ti|*S$e relating to storage studies. 

Sampling 

Samples showing both a red and a green side of approximately equal 
area wm selected in the.orchard from fruit with and without the thio- 
cyana^®ray. These samples were analyzed immediately after the apples 

i P^plighed with the approval of the Director of the West Virginia Agricultural 
Experiment Station as Scientific Paper no. 303. 
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were harvested. In taking samples of tissue each individual apple was 
examined to determine the region of maximum color, halved from stem to 
calyx, the halves held tightly together and another cut made in the same 
manner at a rotation of a few degrees. This provided two small sectors 
one of which represented the region of greatest and the other the region 
of least color. The sectors were kept as uniform in size as possible and 
constituted about one-sixteenth to one-thirty-second of the fruit. 

In comparisons of fruit involving the thiocyanate spray all fruit includ¬ 
ing both sprayed and unsprayed was always taken from the same exposure 
and the same large limb of the tree, thus giving the closest comparison 
possible. All samples analyzed were composites and usually included 25 
to 30 apples of each variety. 

Comparisons studied included composition of: (1) red versus green side 
of partly colored apples; (2) thiocvanate-sprayed versus unsprayed fruit; 
(3) peels from sprayed versus unsprayed fruit; (4) exterior versus interior 
tissue of sprayed and unsprayed fruit; (5) sugars by alcoholic extraction 
versus sugars in expressed juice; and (6) changes occurring in the sprayed 
and unsprayed fruit during storage. 

Analytical procedure 

The investigator has a wide choice of methods for sampling, extracting, 
and determining many of the constituents of plants. Even so he frequently 
combines features from several different procedures as being suitable for 
one reason or another. This has been done in the present work with sugars. 
All apples were cored with a no. 6 cork borer before samples of the tissue 
were taken. Suitable sectors were combined to form composite samples 
which were heated to 140° C. in aluminum dishes, ground in a Waring 
Blendor, extracted with alcohol and the extracts prepared and analyzed by 
the procedure already described (6). Dry matter was determined by drying 
for four and a half hours in a forced draft oven at 105° C. Titratable 
acidity was determined by electrometric titration of fresh tissue in aqueous 
solution with 0.1 NNaOH and pH also was determined electrometrically 
with the use of the glass electrode. The end point of the titration was taken 
as the point of inflection of the titration curve and occurred at average 
pH 8.5. 

Results 

Red versus green side 

In the red versus green side comparisons there were nineteen compari¬ 
sons including eleven varieties with 10 to 160 apples from each variety, or 
a total of 436 individual apples. The varieties analyzed were Duchess, 
Wealthy, Red Duchess, Melba, King David, Winesap, York, Stayman, 
Jonathan, Rome, and Snow. Certain of the varieties provided samples of 
both thiocyanate-sprayed and unsprayed fruit. The average percentage 
composition of fresh tissue in the red and green sides of the eleven varieties 
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is shown in table I. In the table are given also the standard errors for the 
means, values for the ratios of red to green, and the odds for the differences 
observed as calculated from the paired samples (7). The mean ratios and 
odds shown in tables I, II, and III are calculated from the individually 
paired samples. 

The results presented in table I show that dry matter, dextrose, levulose, 
and total sugar were higher on the red side of the apple. Sucrose, titratable 
acidity, and pH apparently were no higher on the red side although the 
value for pH approaches significance. Judging from the ratios, dextrose 
shows the greatest relative difference between the two sides. 

TABLE I 


Dry matter, sugars, and acid content of the red and green sides of apples 


Constituent 

Average op all varieties 

AND SAMPLES 

Paired samples 

Bed side 

Green side 

Mean ratio or 

RED/GREEN 

Odds 

Dry matter . 

% 

14.98 + 0.50 

% 

14.07 + 0.61 

1.08 + 0.02 

86: 1 

Dextrose . 

1.69 + 0.16 

1.40 + 0.12 

1.21 + 0.04 

9999: 1 

Levulose . 

5.99 + 0.19 

5.66 + 0.17 

1.06 + 0.02 

499: 1 

Sucrose (as invert) ... 

1.71 ±0.19 

1.65 + 0.19 

1.06 + 0.03 

12: 1 

Total sugar . 

9.39 ± 0.34 

8.71 ±0.32 

1.08 ±0.02 

9999: 1 

Titratable acidity (as 
malic) . 

0.50 + 0.03 

0.50 + 0.04 

1.00 + 0.02 

1: 1 

PH . 

3.47 ± 0.03 

3.45 ± 0.03 

1.01 ±0.00 

18: 1 


Sprayed versus unsprayed 

The effect of the thiocyanate spray is indicated by eight comparisons 
from six varieties with 18 to 38 apples in each sample (total of 234 sprayed, 
and 207 unsprayed fruits). The varieties used were Melba, Wealthy, 
Borne, York, Stayman, and Jonathan. The average composition of the 
sprayed and unsprayed apples for the six varieties is given in table II, 
together with ratios and odds as given in table I. 

Table II shows that dry matter, sucrose, titratable acidity, and possibly 
levulose were significantly lower in the sprayed than in the unsprayed fruit. 
The pH was highest in the sprayed fruit. 

Peels from sprayed versus unsprayed fruit 

From a casual examination of sprayed fruits it appears that the meta¬ 
bolic change induced’m the tissue by the thiocyanate spray occurs through¬ 
out the apple. In an attempt to find out if the spray might exert its influ¬ 
ence chiefly on the epidermis of the apple, some sprayed and unsprayed 
samples were stored for a short period after harvest. These apples were 
pared on fin apple-peeler equipped with a circular knife which gave a 
uniform peel about 1 mm. thick. The peels were assembled in a sample and 
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TABLE II 


Dry matter, sugars, and acid content of sprayed and unsprayed ^pples 


, 

Constituent 

j Average of all varieties 

! AND SAMPLES 

Paired samples 

Sprayed 

Not sprayed 

Mean ratio of 
sprayed/not sprayed ‘ 

Odds 

Dry matter . 

% 

14.24 + 0.57 

% 

14.82 ± 0.68 

0.95 + 0.02 

150: 1 

Dextrose . 

1.43 + 0.15 

1.31 + 0.18 

1.11 ±0.08 

10: 1 

Levulose . 

5.85 ±0.16 

6.00 + 0.20 

0.98 + 0.01 

26: 1 

Sucrose (as invert 
sugar) . 

1.79 ± 0.25 

2.06 + 0.27 

0.84 + 0.06 

99: 1 

Total sugar.i 

9.05 ± 0.31 

9.33 ± 0.42 

0.98 ± 0.02 

12: 1 

Titratable acidity 
(as malic) .... 

0.40 + 0.04 

0.46 + 0.04 

0.87 ± 0.03 

3689: 1 

» H . i 

3.55 ± 0.05 

3.44 ± 0.04 

1.04 ± 0.01 

999: 1 


treated in the same manner as the fleshy tissue, except that a longer period 
of grinding was necessary to disintegrate the peelings to a comparable state. 

Twelve comparisons with eleven varieties were obtained with 8 to 53 
apples in each sample. Peels were obtained from 380 sprayed and from 
352 unsprayed fruits of Melba, Wealthy, Stayman, Maiden Blush, Red 
Duchess, Jonathan, McIntosh, Golden Delicious, Grimes, York, and Rome. 
The composition of the peels of sprayed and unsprayed fruits is given 
in table III. 

Possibly two features are outstanding in the results shown in table III. 
One of these is that none of the sugars or dry matter is significantly lower 
in the peels from the sprayed fruit although the value for sucrose approaches 
significance. The other is that the titratable acidity is significantly lower 
in the peels of the fruit sprayed with thiocyanate, and the pH is corre¬ 
spondingly higher. 


TABLE III 

Dry matter, sugars, and acid content of peels from sprayed and 
unsprayed fruit 


Constituent 

Average of ai§, varieties 
and samples 

Paired samples 

Sprayed 

Not sprayed 

Mean ratio of 
sprayed/not sprayed 

Odds 

Dry matter . 

% 

20.15 ±1.30 

% 

18.95 +1.22 

1.07 ±0.04 

16: 1 

Dextrose . 

1.46 ±0.14 

1.42 +0.16 

1.05 + 0.04 

4: 1 

Levulose . 

4.31 ±0.31 

4.37 ±0.24 

0.99 ±0.03 

2: 1 

Sucrose (as invert 
sugar) . 

1.76 ±0.24 

2.03 ±0.29 

0.87 ± 0.05 

23: 1 

Total sugar . 

7.50 ±0.48 

7.80 ±0.48 

0.96 ± 0.03 

| 8: 1 

Titratable acidity 
(as malic) . 

0.218 ± 0.021 

0.291 ± 0.020 

0.77 ± 0.06 

332: 1 

pH . 

4.30 ±0.07 

4.12 ±0.07 

1.04 ±0.01 

20,000: 1 
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Exterior versus interior tissue 

The mechanism by which the spray affects the apple tissue is unknown. 
The thiocyanate may penetrate the epidermis of the apple or it may pene¬ 
trate the epidermis of the leaves and be translocated to the fruit. With 
penetration through the apple skin differences might be expected between 
the outside and inside layers of tissue. If the translocation system was the 
chief means of transfer then differences between these two general regions 
would not necessarily be expected. 

An attempt was made to determine whether the spray affected one region 
more than the other. By means of cork borers of suitable size a set of 
samples was obtained from Wealthy apples that included thirty apples each 
of sprayed and unsprayed fruit. A plug extending from the skin to the 
carpels was removed from exactly opposite sides. The outer third of this 
plug, measured along the length by inspection, was considered as repre¬ 
sentative of the shell of tissue at the exterior, and the inner third, not 


TABLE IV 

Dry matter, sugars, and pH value of exterior and interior tissues of 

SPRAYED AND UNSPRAYED WEALTHY APPLES 


Region 

Treatment 

pH 

Dry 

matter 

Dex¬ 

trose 

Levu- 

LOSE 

Sucrose 

(AS INVERT 
SUGAR) 

Total 

sugar 




% 

% 

% 

% 

% 

Outer 

Sprayed 

3.39 

11.15 

1.11 

4.81 

0.39 

6.31 

tt 

Not sprayed 

3.38 

11.06 

1.01 

4.87 

0.52 

6.40 

Inner 

Sprayed 

Not sprayed 

3.37 

11.42 

1.22 

3.51 

0.29 

5.02 

< c 

3.38 

11.34 

1.11 

3.45 

0.27 

4.83 


including the carpel, was considered to be representative of the tissue of the 
inner region. The composition of the tissue from the two regions is shown 
in table IV. 

A statistical analysis was not obtained but the results in table IV do not 
show a differential spray effect in the two general regions designated. Nu¬ 
merical differences between sprayed and unsprayed fruit are as great for 
the inner as for the outer region and the values vary only within the limit of 
error of the determinations. 

A second comparison on possible regional differences was carried out in 
a somewhat different manner and was arranged to compare the epidermis 
with the layer of tissue directly beneath it. For this comparison thirty-five 
sprayed Rosie apples and a like number of unsprayed fruits were pared with 
the circular-knife peeler. The outside peel was removed and the next 
adjacent layer was removed, thus giving two samples from each apple. The 
individual layers were combined into surface and sub-surface samples and 
analyzed with the results shown in table V. 

In this trial table V shows that the spray apparently affected the peels 
in a slightly different manner than it affected the sub-surface. Spraying 
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TABLE V 

Dry matter, sugars, and acid content of the surface layer in Rome apples 
AS compared with the sub-surface layer 


Region 

Treatment 

pH 

Titra¬ 

table 

acidity 

(as 

malic) 

Dry 

matter 

Dex¬ 

trose 

! 

Levu¬ 

lose 

Sucrose 

(as 

INVERT 

sugar) 

Total 

sugar 




% 

% 

! % 

% 

% 

% 

Surface 

Sprayed 

4.00 

0.183 

22.70 

i 1.09 ; 

3.58 

2.38 

7.05 

< ( 

Not sprayed 

4.00 

0.189 

21.09 

1 1.23 

4.50 

2.17 

7.90 

Sub-surface 

Sprayed 

3.46 

0.258 

15.94 

1 0.81 

5.91 

3.02 

9.74 

a a 

Not sprayed 

3.51 

0.284 

14.90 

0.82 

6.05 

3.16 

10.03 


lowered titratable acidity more in the sub-surface than in the surface and 
increased the dry matter in the surface more than in the sub-surface layer. 
Levulose was lowered in the surface to a greater extent than in the sub¬ 
surface. 


Alcoholic extract versus expressed juice 

Prior to the present work numerous analyses had been made on fresh 
juice pressed from apples variously treated. It occurred to us that it might 
be of interest to compare sugar values obtained by alcoholic extraction with 
sugar values obtained from expressed juice. Two varieties, Melba and 
Wealthy, were sampled by the extraction procedure already described and 
the remnants were combined, run through a food chopper, and pressed 
immediately in a hand press without preheating. The extracts and the fresh 
juices were analyzed at the same time by the same analytical procedures 
with the results shown in table VI. Each value listed represents a composite 
sample of 24 individual apples for Melba and 30 apples for Wealthy. 

The values given in table VI show that the results are not entirely con¬ 
sistent for the two varieties studied. Values for fresh juice are expressed 

TABLE VI 

Sugar content of apples as determined by alcoholic extraction and from 

expressed juice 


Variety 

Treatment 

Portion 

ANALYZED 

Dextrose 

Levulose 

Sucrose 

(AS INVERT 

sugar) 

Total 

SUGAR 




% 

% 

% 

% 

Melba 

Sprayed 

Extract 

0.90 

4.75 

2.41 

8.06 

Melba 

Sprayed 

J uice 

0.59 

4.59 

2.53 

7.71 

Melba 

Not sprayed 

Extract 

0.82 

4.93 

2.82 

8.57 

Melba 

Not sprayed 

Juice 

0.35 

4.62 

3.11 

8.08 

Wealthy 

Sprayed 

Extract 

1.17 

4.16 

0.34 

5.67 

Wealthy 

Sprayed 

Juice 

1.06 

5.12 

0.08 

6.26 

HI 

Not sprayed 

Extract 

1.06 

4.16 

0.40 

5.62 

Wealthy 

Not sprayed 

J uice 

0.84 

5.21 

0.08 

6.13 
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as percentage of juice and might be expected to be slightly higher than those 
expressed as percentage of total tissue (extract). It might be expected, 
however, that both extract and juice although differing in total values would 
nevertheless also show the same relative proportions for the three sugars 
present. This is not the result obtained. In both varieties dextrose does 
not appear to have been as completely recovered by pressing as were the 
other sugars. 

Changes in composition during storage 

A single series of storage trials involving but one variety was made on 
the effects of the thiocyanate spray on the composition of the fruit during 
storage. Large samples of sprayed and unsprayed Rome apples were taken 
from a single large limb on September 30, divided into six uniform lots of 
thirty-five apples each (three lots within each treatment) and placed in stor- 

TABLE VII 


Dry matter, sugars, and acid content of Rome apples during storage 


Treatment 

Date of 

ANALYSIS 

pH 

Titra¬ 

table 

acidity 

(AS 

MALIC) 

Dry 

MATTER 

Dex¬ 

trose 

Levu- 

LOSE 

Sucrose 

(AS IN¬ 
VERT 
SUGAR) 

Total 

sugar 




% 

% 

% 

% 

% 

% 

Sprayed 

October 2 

3.54 

0.323 

12.75 

0.86 

5.77 

2.09 

8.72 

Sprayed 

Nov. 27 

3.87 

0.233 

13.87 

1.26 

6.06 

1.86 

9.18 

Sprayed 

Feb. 2 

3.96 

0.221 

14.03 

1.40 

5.92 

1.62 

8.94 

Not sprayed 

October 2 

3.39 

0.412 

14.43 

0.90 

5.96 

2.33 

9.19 

Not sprayed 

Nov. 27 

3.67 

0.327 

14.43 

1.11 

6.16 

2.31 

9.58 

Not sprayed 

Feb. 2 

3.86 

0.289 

13.50 

1.04 

5.76 

1.69 

8.49 


age at 3° C. Two days later the first lots were removed and sampled for 
analysis and the analyses were repeated on the remaining lots at bimonthly 
intervals. The results of these analyses are given in table VII. 

Table VII shows that spraying caused a lowering of sugars at the begin¬ 
ning of the storage period. Here, also, spraying reduced the titratable acid¬ 
ity and increased the pH value, as reported in table II, and although the 
acid content fell continuously during the storage period the difference due 
to spraying was relatively the same throughout. 

Discussion 

In studying the effect of thiocyanate spray on the sugar content of apples 
it seemed desirable, since thiocyanate affects the amount of red color formed, 
to establish first the amount of difference, if any, to be expected for the sev¬ 
eral sugars between colored and uneolored sides of the same fruit. Analyses 
soon indicated that the thiocyanate spray did not widen this difference and 
consequently the data for sprayed and unsprayed fruit are combined in the 
values reported in table I. Where sufficient data were available (tables I, 
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II, and III) the significance of the differences was calculated. Cases with 
odds of 30 to 1 or higher are considered to be significant. Dry matter, dex¬ 
trose, levulose, and total sugar were measurably higher on the colored side. 
Differences for sucrose are not significant but, interestingly, differences for 
dextrose are highly significant although dextrose is present in approximately 
the same amount as sucrose. Of the seven constituents determined, dextrose 
showed the greatest relative difference between the two sides. 

The data in table II show that dextrose was the only sugar showing a 
higher value in the sprayed fruit, but the difference is not significant. In 
general, spraying with thiocyanate seems to have lowered most of the con¬ 
stituents determined. It should be stated that in all red varieties, spraying 
with thiocyanate increased the amount of red color exhibited by the sprayed 
fruit so that the sprayed samples always showed more red color than the 
corresponding unspraved samples. Dextrose and pH tend to have the same 
relationship in the sprayed to unsprayed fi/uit as they did in the red to green 
side of the apples. The other constituents are contrary to what was antici¬ 
pated ( i.e ., are lower in the sprayed fruit) by reason of the higher color in 
the thiocyanate-sprayed fruit. Because of the increase in color it had been 
anticipated that a relationship between sprayed and unspraved fruit would 
be found similar to that which exists between colored and uncolored sides 
of the same fruit. In this comparison the greatest sucrose content was 
present with the greatest acid content. 

From table III it is clear that the thiocyanate spray had the same in¬ 
fluence in lowering the titratable acidity and increasing the pH of the peels 
as was shown for the whole fruit in table II. Comparisons of peels with 
fruit in respect to other constituents show less clear cut agreement. It is of 
interest to note that dextrose and sucrose were present to about the same 
extent in both peels and whole fruit whereas levulose was about one and one- 
half per cent, lower in the peels. 

The attempt to determine the effect of the thiocyanate spray on exterior 
and interior regions by means of plugs cut with cork borers failed to show 
appreciable differences (table IV). It was realized, however, that the re¬ 
gions represented were rather large and general, and a second effort was 
confined to a much smaller range of tissue. Table V gives the values ob¬ 
tained on two adjacent layers each about one mm. thick. The surface layer 
comprised the skin and a small amount of adhering fleshy tissue such as 
might be removed in ordinary mechanical peeling. The sub-surface layer 
was fleshy tissue only, adjoining the surface layer. As already mentioned 
this comparison indicates a differential effect on the layers examined. In an 
earlier publication ( 4 ) it was stated that “if leaves only are sprayed and the 
fruits protected, or if fruits only are sprayed and the leaves protected, a 
color response will be obtained in the fruit in either case, but one less pro¬ 
nounced than where both fruit and foliage are exposed to the action of the 
chemical agent.’’ These data are in agreement with that observation to the 
extent that they do indicate some penetration through the skin and subse¬ 
quent effect on composition as well as on color. 
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The differences in sugar composition as determined by alcoholic extrac¬ 
tion and by analysis of the expressed juice are of interest. It is at once 
apparent that the absolute values would probably differ since they represent 
different products analyzed. As the three sugars are all readily soluble, 
however, the relative proportions of the sugars might be expected to be simi¬ 
lar by both methods. Such an expectation is not borne out by the data. It 
should be stated that the Melba apples were harvested on August 2 at a full 
ripe stage and the analyses were begun on August 20, whereas the Wealthy 
apples were harvested on August 13 at a somewhat earlier stage and analysis 
started on August 26. Notations at the time of sampling describe the Melba 
as “soft and mellow” and the Wealthy as “firm, hard and juicy.” This 
difference in stage of maturity may help to explain some of the differences 
shown in table VI, as for example the much higher sucrose content of Melba. 
It will be noted, however, that levulose is higher in the extracts for Melba 
and higher in the juice for Wealthy, whereas sucrose is the exact reverse, 
being higher in the juice for Melba and higher in the extract for Wealthy. 
With both varieties dextrose seems to have been more completely recovered 
by alcohol than by pressing, resulting in a higher proportion of dextrose to 
total sugar when the sugars were removed by alcoholic extraction. The 
values should be regarded with caution as more data are needed for definite 
conclusions, but the point appears worthy of notice and perhaps of. further 
investigation. 

The outcome of the storage trials set forth in table VII shows that al¬ 
though the thiocyanate spray resulted in a lowering of sugar content at the 
time of harvest the sprayed fruit apparently did not use sugars as rapidly, 
as is evidenced by the fact that after four months in storage the sprayed 
fruit contained more sugars than the unsprayed. In a previous publication 
(4) it was stated that storage records indicated a superior keeping quality 
for the sprayed fruit. This observation has been confirmed further and 
may be partly explained by the present analyses on the basis of reduced 
sugar losses. Respiration studies of sprayed and unsprayed apples in stor¬ 
age would be helpful in clearing up this point. 

Summary 

1. A study of sugars and certain other constituents in relation to color 
and thiocyanate spray in apples has been made to include samples from 
fifteen varieties as follows: Duchess, Red Duchess, Wealthy, Melba, Wine- 
sap, King David, York, Stayman, Jonathan, Snow, Maiden Blush, McIntosh, 
Golden Delicious, Grimes, and Rome. Ail varieties except Winesap, King 
David, and Snow provided samples of both sprayed and unsprayed fruit, 
the three exceptions mentioned having been without thiocyanate treatment. 

2. Red and green sides of selected apples showed differences in composi¬ 
te^ Dry matter and sugars were higher on the red side, and dextrose 
flawed the greatest relative difference between the two sides. 

fit 3. Spraying with sodium thiocyanate reduced the dry matter, sucrose, 
ijitratable acidity and possibly the levulose, and increased the pH value. 
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4. The thiocyanate spray reduced the titratable acidity and increased the 
pH value of the peels from sprayed fruit, but did not significantly affect the 
other constituents of the peels. 

5. Evidence was obtained indicating that the thiocyanate spray is effec¬ 
tive in part by penetration of the skin of the apple and resulting action upon 
the layers of tissue immediately beneath the skin. Evidence was also ob¬ 
tained indicating that the relative proportions of dextrose, levulose, and 
sucrose determined by alcoholic extraction of apple tissue may not be identi¬ 
cal with those removed by pressing and determined in the juice. 

6. Although spraying with thiocyanate caused a lowering of sugars in 
Rome at harvest time, after four months in storage the sprayed fruit actually 
had a higher sugar content than similar fruit not sprayed with thiocyanate. 

West Virginia Agricultural Experiment Station 
Morgantown, West Virginia 
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INFLUENCE OF UNKNOWN FACTORS ON THE VALIDITY 
OF MATHEMATICAL CORRELATIONS OF 
BIOLOGICAL DATA 1 


E. L. Welker and F. L. Wynd 
(with three figures) 

Introduction 

A constantly increasing use has been made of mathematical procedures 
in evaluating biological data during dhe past decade. Some of these pro¬ 
cedures have been mathematically and biologically sound with a consequent 
advancement of scientific knowledge. On the other hand, there are many 
accumulations of biological data which do not lend themselves to usual sta¬ 
tistical treatment. Attempts to establish statistical correlations in these 
instances lead to false conclusions which obscure all efforts to interpret the 
nature of the phenomena under consideration. 

One of the most usual methods of investigating a biological problem is 
the observation of the effect of changes in some aspect of the environment on 
some measurable response of the organism. The word, “environment,” in 
the present instance, is used with its broadest possible connotation, as signi¬ 
fying all factors and influences within the organism as well as external to it 
which can act to influence the response of the organism. The frequent use 
of graphs in the presentation of the relationships between cause and effect 
is sufficient evidence to indicate how universal is this approach to scientific 
problems. 

The above sentences, at first hand, appear to state only a truism. Yet 
it is this approach that leads in many instances to erroneous conclusions. 
The purpose of the present paper is to call attention, as precisely as possible, 
to the manner in which these erroneous conclusions may enter into the inter¬ 
pretation of phenomena studied in this way. 

It is rarely true that a pair of biological characteristics vary exclusively 
with each other. The more common situation is that each of the character¬ 
istics is influenced by a variety of others. For example, the weight of the 
grain yield of a wheat plant may increase with the size of the root system, 
but each of these in turn will be affected by the total leaf area, the nutrients 
in the soil, and many other factors. This interdependency of characteristics 
complicates the problem of the measurement of the degree of association 
between the two characteristics being studied; for example, the extent of the 
root system and the weight of grain produced. 

One common statistical measure used in this situation is the Pearson 
correlation coefficient. It is customary to subject these coefficients to a sig¬ 
nificant test in an attempt to determine whether or not they are of sufficient 

l i Ws study waa carried out with funds granted the Graduate School of the University 
ofll^ " by the Cerophyl Laboratories, Inc., Kansas City, Missouri. 
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magnitude to justify the hypothesis that they did not ofccur by chance. Such 
justification is said to exist, or not to exist, on the basis of a probability 
criterion. It is appropriate to point out that the purpose of such a signifi¬ 
cance test is the allowance for sampling variation, or error as it is often 
called. Indeed, if we assume the measuring process in the experiment to be 
perfect and there results a measure of correlation indicating lack of perfect 
association, then this lack of perfect association between the characteristics 
being studied would be attributed to variations in other factors in the bio¬ 
logical system. The above statement, of course, assumes that the data satis¬ 
fies all hypotheses required for the use of Pearson’s coefficient as a measure 
of correlation. Complete solution of the problem then requires the determi¬ 
nation of the factors which affect the relationship in question. Failure to 
recognize the existence of such factors, and to measure or control their effect, 
frequently invalidates the use of common statistical procedures. 

Effect of heterogeneity on the correlation coefficient 

The simplest case in which other factors influence correlation coefficients 
as described above is that in which heterogeneity is present in the data, a 
situation difficult to avoid in biological research. The meaning of the term 
heterogeneity can best be explained by means of an example. In measuring 
the effect of a particular fertilizer on corn production two varieties of corn 
are used, one being naturally more productive than the other. The data 
resulting in this case will be heterogeneous due to the corn varieties. This 
particular situation can be avoided in this instance, but in a more subtle case, 
it might not be easily avoided. The importance of this heterogeneity is 
apparent from the following discussion in which it is shown how ordi¬ 
nary correlation coefficients may fail to measure the relationship between 
variables. 

Let us suppose that variables A and B are each affected by some other 
factors or sums of factors. If all these other factors be held constant, that 
is, are controlled, three possibilities exist: (1) A and B are independent and 
the correlation is zero; (2) A and B are positively correlated; (3) A and B 
are negatively correlated. 

In the first case a sample under control of associated factors would be 
expected to yield approximately zero correlation. In this case a graphical 
presentation of the data will show points grouped in a circular cluster if the 
variables are each measured in terms of one standard deviation as unit. 
Suppose that a second sample is taken with these other factors still con¬ 
trolled but at a level different from that of the first sample. Since A and B 
may be different in the two samples, four possibilities arise, the nature of 
which will be evident from figure 1. Each group of data exhibits zero corre¬ 
lation if it is collected under conditions which prevent a differential effect 
of other factors. For example, if A and B are characteristics of an agricul¬ 
tural crop, which are totally unrelated to each other, any number of samples 
collected under identical conditions yield approximately zero correlation 
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Fig. 1. 


between A and B, chance variation from zero resulting from the sampling. 
If data obtained for two crops, however, or two harvests from the same plant¬ 
ing, two separate fields, or under any other different circumstances are 
pooled, then spurious correlation is obtained. If unknown factors increase 
the means of both A and B , then the pooled data yield a positive correlation 
coefficient, indicating falsely that A varied because of some inherent relation 
with B if the correlation is interpreted in the usual way. If the mean of A 
is lessened, and that of B increased, then a negative correlation is obtained. 
If A or B simply remain unchanged, then zero correlation results. 

In the second instance, suppose that any given group of data collected 
under identical conditions yields a positive correlation coefficient under all 
conditions indicating that A was inherently related to B. If two sets of 
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Fig. 2. 


such data are pooled, false correlations are again possible, as is evident from 
figure 2. If unknown factors increase the means of both A and B, then the 
correlation of the pooled data will remain positive, but will exhibit an in¬ 
valid increase in magnitude. It is equally evident that the pooled data may 
also yield a negative correlation. 

In the third instance, groups of data, which are themselves always nega¬ 
tively correlated, may likewise yield spurious correlation coefficients when 
these groups are pooled. These possibilities are illustrated in figure 3. 

The above illustrations show that it is difficult to measure by direct corre¬ 
lation analysis any inherent relation between A and B, even though such a 
relation may actually exist. Even though a sample yielded a positive cor¬ 
relation between A and B one still could not be certain that an increase in A 


C\ 



or 




oo 


Fig. 3. 
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would be associated with an increase in B, other factors being held fixed. 
The correlation showing in the sample might be partly or completely the 
result of variation in other factors. 

The only possible mathematical treatment would necessitate quantitative 
measurements of all factors which affect A and B in such a way as to permit 
partial and multiple correlation analysis. Unfortunately, in many biologi¬ 
cal problems, these various factors cannot even be well defined, and certainly 
are not measurable in any satisfactory quantitative manner. It should be 
pointed out that analysis of covariances measures significances of differences 
between independent estimates of the same covariances, but does not attempt 
to handle the problem discussed in this paper. It is, of course, possible to 
combine correlation coefficients of sets of data from the same population by 
a well known formula. Unfortunately variations in unknown factors im¬ 
plies the possibility of actually having more than one population. 

Most variables of biological interest are affected by many factors, both 
known and unknown. Even when some of these factors are known, it may 
be impossible to control them or to measure them with any adequate degree 
of accuracy. For example, suppose that the effect of fertilizer treatments 
on the relationships between three variable aspects of an agricultural crop 
are being investigated. These variables could be any measurable response 
of the plant such as yield of dry matter, percentage of protein, and vita¬ 
min C content. The problem becomes one of determining what relationships 
exist between any two of these variables and how these are affected by the 
fertilizer treatment. 

One may reasonably assume that other factors besides fertilizer will affect 
the variables A, B , and C. Small and localized differences in the soil, the 
slope of the field with its consequent effect on irrigation water, undetermined 
variations in climate, and many other factors certainly exert their respective 
influences on the physiology of the plant. Randomized arrangements of 
the plots, or selection of samples, do not eliminate this heterogeneity in 
the sum total of factors acting on the variables being studied. Neither do 
large samples, nor large numbers of samples avoid the disturbing effects of 
the heterogeneity of the environment. It follows that the smaller the area 
over which the plots are distributed, the more restricted is the time element 
during growth and sampling; and finally, strangely enough, the smaller the 
sample itself, the more likely will the sample represent a response condi¬ 
tioned specifically by the fertilizer treatments. It will be seen from the dis¬ 
cussion below that this is not merely theoretically true, but is a demonstrable 
fact which may completely eliminate the possibility of treating any of the 
data by usual statistical methods. 

The difficulty presented by the heterogeneity of the environment is in¬ 
herent to the nature of biological problems and only under very special 
circumstances can it be avoided. There is an additional difficulty which 
further complicates efforts to analyze the data mathematically. Correlations 
between the variables may be numerically small, and a small number of data 
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may make it impossible to prove the significance of the observed value. The 
importance of establishing the magnitude of a correlation may be over¬ 
stressed by biologists. The nature of the biological problem frequently pre¬ 
cludes the collection of a sufficiently large number of data to estimate accu¬ 
rately the magnitude of a correlation and for this reason, the observed value 
may be discarded as being insignificant; in reality, the correlation actually 
may be of the greatest importance. The fact that the magnitude of the indi¬ 
vidual correlation cannot be proved mathematically does not prove that it is 
therefore insignificant. Biologists frequently appear to be unaware that 
mathematical tests of significance give only probabilities of the existence of 
relationships but do not prove independence of the variables when the ob¬ 
served correlation is of insufficient size to justify the assumption of definite 
relationship on the basis of the given data. 

Consistency of the algebraic sign as a test of correlation 

In many types of biological research it is of value to determine the alge¬ 
braic sign of relationships, even though the magnitude of the numerical 
value is not susceptible to direct proof. For example, if a calculation were 
based on 15 pairs of data, then a value of 0.64 would be sufficient to establish 
the existence of positive correlation with only one chance in 100 that a result 
at least this large w T ould be obtained by pure chance. However, a set of 10 
pairs of data between which there was a true correlation would require a 
value of 0.76 to prove its existence with the same degree of certainty. It thus 
appears that if a low correlation does exist, its presence may not be deter¬ 
mined in a small group of data with a high degree of certainty because the 
significance test requires a large value which is itself unlikely in this case 
since the correlation was assumed to be low. 

Even though the significance of any one correlation will remain uncer¬ 
tain, it is important to remember that knowledge of the existence of a corre¬ 
lation of one magnitude is just as valuable as that of any other magnitude 
in an effort to interpret the results. Even though the size of a correlation 
is valuable information, the problem of proving the existence of the correla¬ 
tion, in the probability sense, irrespective of its numerical magnitude, is 
likewise very frequently important. In other words, can it be determined 
that A and B are positively or negatively related, or that no relationship 
exists? 

The following example illustrates the method by which such a decision 
may be reached. Let us assume that in a given group of data there is zero 
correlation, and that 10 pairs of data, drawn at random from this group, are 
studied by the usual methods of statistics. Suppose 10 successive similar 
samples of data have been drawn and their correlations computed and x are 
observed to be positive and 10 -x are negative. What is the probability of 
this result occurring by chance under the above hypothesis of zero correla¬ 
tion for x = 0, 1, 2, . . . , 10 ? This problem may be translated into terms 
of drawing balls from a jar which contains an equal number of white and of 
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black balls. Ten balls are withdrawn at random in* succession, and each 
replaced after it is withdrawn. What is the probability that each of the 
possible number of white balls will be withdrawn in any group of ten with¬ 
drawals f Table I presents these probabilities. 

The above probabilities that exactly the indicated number of white balls 
will be withdrawn are the terms of the expansion of the binomial expression, 
(i + i) 10 i and the probabilities that at least the indicated number will be 
withdrawn are the appropriate sums of these same terms. 

On the basis of these probabilities, it is possible to determine whether any 
observed set of positive or negative correlation coefficients in any group of 
10 different correlations is likely to occur by chance. For example, if 9 signs 
are positive, then we would expect this result to occur only once in a hundred 

TABLE I 

Probabilities that certain numbers of white balls will be withdrawn from 

A nALF AND HALF MIXTURE OF WHITE AND BUCK BALLS 


Number of white b\lls 
WITHDRAWN IN 10 TRYS 

10 

9 

8 

7 

6 

5 

4 

3 

o 

1 

0 


Probability of exactly 
this number 


1/1024 

10/1024 

45/1024 

120/1024 

210/1024 

252/1024 

210/1024 

120/1024 

45/1024 

10/1024 

1/1024 


Probability of at least 
this number 


1/1024 

11/1024 

56/1024 

176/1024 

386/1024 

638/1024 

848/1024 

968/1024 

1013/1024 

1023/1024 

1 


times in sampling from a population of an actual zero correlation. If such 
a series should occur in the study of an accumulation of scientific data, we 
could state that there is positive correlation, and this statement would be 
true, in the long run, 99 times out of 100 such experiments. The numerical 
magnitude of this correlation, of course, would remain unknown. The larger 
the number of individual correlations, the more conclusive will be the results 
for any given number of signs. It will be seen that we have applied a test 
for the consistency of the sign as an indication of the probability of the exis¬ 
tence of a correlation bearing the same sign by means of refutation of a null 
hypothesis as is done in other cases. The null hypothesis, that zero correla¬ 
tion actually exists, is refuted if the probability associated with the observed 
number of positive signs in the samples is small. The hypothesis is not re¬ 
futed if the above probability is large. The definitions of large and small 
depend on the significance level which is chosen. 

Investigation of heterogeneous biological data 

Even though direct statistical correlations cannot yield the desired infor¬ 
mation concerning the inherent relationship between two variables, certain 
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facts about this relation can be determined by combining a study of the 
means of each variable under various conditions, the correlation coefficients 
of small groups of data, and the consistency of the algebraic sign of these 
coefficients. 

In the study of the relationship between variables of the type discussed 
above, the investigator may be interested in two aspects of a problem. For 
example, the effect of fertilizer treatments, and also the effect of successive 
cuttings on the correlations between the responses A and B, A and C, or 
B and C. Thus data may be collected at a given time when presumably all 
factors except fertilizer treatment have been influencing equally all experi¬ 
mental plots, or data may be collected from successive harvests from the 
plots. In the first instance, all factors except fertilizer treatments are 
assumed to be constant; in the latter instance, the sum total of all other fac¬ 
tors such as changes in climate, soil, and physiological state of the plant, in 


TABLE II 

Changes in the means of variables for harvest 1 to harvest 2 



Direction of 
change of 

the mean 

N 

C 

Y 

For 18 correlation groups, 6 by re¬ 

Increase 

0 

1 

18 

combination of data 

Decrease 

18 

17 

0 

For 12 correlation groups, each on 

Increase 

0 

1 

12 

separate data 

Decrease 

12 

11 

0 


addition to the fertilizer, is free to operate on the characteristics A, B, and C 
of the crop. 

An investigation similar to the above has been carried out by the writers. 
The details of the mathematical procedures involved are described below. 
The botanical features of the investigation will be presented in a future 
paper. 

Measurement of three variables, N, C, and Y were made on each of two 
successive harvests from a series of plots receiving various fertilizer treat¬ 
ments and from a similar number of control plots. Three possible correla¬ 
tions were computed: Tnc, r NY , and rev. During the course of the statistical 
analysis it was logical to make certain combinations of data as follows: for 
each harvest 12 correlations of each of the combinations of variables were 
obtained. By the combination of certain treatments, 6 additional correla¬ 
tions were calculated, giving 18 values of r^c, txy, and rev for each cutting. 

During the interval between the harvests, many unidentified factors were 
operating to change individually each of the 3 variables. These changes in 
the means of N, C, and Y are tabulated in table II. 

It is clear that the means of N and C were less and that of Y was greater 
‘lor the second harvest. Hence, unknown factors are decreasing N and C 
and are increasing Y over the period of time elapsing between the harvests. 
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These variations need not always persist in these directions for every lapse 
of time between the collection of field samples. Data to be published later 
show specifically that the changes in C do not always occur in the same direc¬ 
tion with a lapse of time. 

Now, if our interest is primarily concerned with relationships or corre¬ 
lations between N and C, N and Y, and C and Y it is clear that we must 
consider correlations and not means. This can be done best by considering 
all unknown factors affecting the means as a single new variable, X , with 
sign so chosen that its magnitude may be said to be increasing during the 
interval between the harvests. It is obvious that the choice of signs is no 
restriction to our statement that r AA < 0, r A c < 0, and yxy > 0 from the 
evidence of the means alone, but we can say nothing about the correlations 

TABLE III 


The number or positive and negative correlations obtained for 
VARIOUS SETS OF DATA AS INDICATED 


Number of 

Harvest 

*yc 

Tny j 

Ter 

CORRELATIONS 

+ 

- 

+ 

- 

+ 

- 

For 18 correlations, 

6 by recombina- 

1 st harvest 

7 

11 

15 

3 

10 

8 

2 nd harvest 

9 

9 

16 

2 

9 

9 

tion of data 

1 st and 2nd har¬ 
vest pooled 

17 

1 

3 

15 

2 

16 

For 12 correlations, 

1 st harvest 

5 

7 

9 

3 

7 

5 

each on separate 

2 nd harvest 

5 

7 

10 

2 

6 

6 

data 

1 st and 2nd har¬ 
vest pooled 

11 

1 

2 

10 

2 

10 


rvc, r.vy, and rcy. We wish to know the answers to the following three 
questions: 

1. For a fixed X, what is the algebraic sign of Tnc, r A r, and rcy ? 

2. For another fixed X, will the correlation Ysc tny, and rcy have the 
same algebraic sign as for the first value of X? 

3. Is there any method of obtaining information about the relationships, 
i ’at, r at, and r C y under the hypothesis of allowing variations in X t 

In order to answer the first two questions, we shall have to omit from 
consideration the correlations obtained from the pooled data from the two 
harvests, since the value of X was different for each harvest. An examina¬ 
tion of table III shows that the correlations r sc and rcy are about equally 
divided as to sign, the divergences from equal numbers of positive and nega¬ 
tive signs are so small as obviously to be likely due to chance variation. The 
correlations, r Ay , are predominantly positive in sign. Table IV gives the 
probability of the occurrence of at least as many positive correlations as 
were actually observed under the assumption that a zero correlation actually 
existed. 

The probabilities, a to d, in table IV are those associated with the first 
two cuttings. They can be interpreted as follows. If there had been no 
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relationship between the variables, then by pure chance one would expect 
to obtain 15 or more positive correlations in a total of 18, about 4 times in 1000 
experiments of this kind, each involving 18 random correlations. We are, 
therefore, justified in view of this comparatively low probability to assume 
that a relationship between the variable concerned probably does exist. The 
definition of a “sufficiently low” probability should depend to a large extent 
on the judgment of the experimenter. Certain conventional levels of sig¬ 
nificance are well known. If the correlations based on both harvests are con¬ 
sidered, then a very significant result is obtained; namely, only 3 chances in 
100,000 that 31 values of a given sign would be obtained in 36 correlations 
of inherently unrelated data. Such a combination seems justifiable. 

There is yet the problem of answering the third question, concerning 
what can be said about r NC , r at, and t C y if X be allowed to vary. Since r X x 
and r X c agree with each other in sign, but disagree in sign with r*y as seems 


TABLE IV 

Probability that the observed number of positive correlations were obtained by 

CHANCE FROM A POPULATION OF A TRUE ZERO CORRELATION 


Harvest 

Number of correlations 

Probability that at least 
this number of positive 

CORRELATIONS WERE DUE 

TO CHANCE 

Positive 

Negative 

Total 

a 1st 

15 

3 

18 

0.004 

b 2nd 

16 

2 

18 

0.0007 

c 1st 

9 

3 

12 

0.07 

d 2nd 

10 

2 

12 

0.02 

a + b 

31 

5 

36 

0.00003* 

c + d 

19 

5 

24 

0.003 


* A conservative approximation by normal curve tables due to the size of the numbers 
involved. 


likely from a study of the means, one would expect that if X is allowed to 
vary, Tsc would be positive while ysy and tcy would be negative. Table III 
shows that when data from both harvests are pooled, these results are actu¬ 
ally obtained. For instance, the signs of Tsc are about equally positive and 
negative for any single harvest, that is to say, when X is constant; but when 
the data are pooled, the algebraic signs are 17 positive to only 1 negative. 
Table IV shows that such a result would be obtained by chance less than 7 
times in 10,000 such experiments. It therefore appears reasonable to assume 
that the unknown factor X is effective in causing the observed positive sign 
of the correlations of the pooled data, N and C. The signs of t ny are pre¬ 
dominantly positive when X is constant, but 15 are negative and only 3 are 
positive when X is allowed t6 exert its influence. Table IV shows that this 
result would occur by chance only 4 times in 1,000 such experiments. Hence 
the unknown factor may.be assumed to be the cause of a negative correlation 
of the pooled data, N and F. The signs of t X y are about equally positive and 
negative when constant, but 16 are negative and only 2 are positive 
when factor X is o^rating. Table IV shows that this distribution of alge- 
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braic signs would occur only 7 times in 10,000 such experiments which shows 
the effect of X in causing negative correlations of the pooled data, C and Y. 

Summary 

1. Groups of biological data obtained under different conditions cannot 
be pooled in an effort to increase the significance of statistical correlations 
by increasing the number of pairs of variates. 

2. Direct correlation procedures are inadequate to prove or disprove 
inherent relationships between some biological characteristics, because fac¬ 
tors, usually of unknown nature, may falsely exaggerate or diminish the 
numerical magnitude of the observed correlation coefficient. These factors 
may even change the algebraic sign of correlations obtained from the pooled 
data. 

3. Under certain conditions, consistency of sign of a number of correla¬ 
tions may be used to establish relationships, even though the conditions of 
the experiment may preclude the usual statistical methods of establishing 
the numerical magnitude of any single correlation coefficient. 

University or Illinois 
Urbana, Illinois 



BORDEAUX INJURY TO FOLIAGE AT LOW TEMPERATURES 

C. E. Yarwood 
(with two figures) 

That bordeaux spray increases transpiration has been observed by many 
investigators ( 4 ). That bordeaux spray decreases leaf temperature has been 
demonstrated by Tilford and May ( 5 ) . These two facts singly or in combi¬ 
nation might lead one to expect that bordeaux spray would increase the 
susceptibility of foliage to cold injury. The common observation that bor¬ 
deaux injury to foliage, presumably copper injury, is sometimes greater 
during cool, wet weather, is probably unrelated to the subject under dis¬ 
cussion. 

Potatoes showing light late blight (Phytophthora infestans) infection 
were sprayed with bordeaux in two localities about a mile apart near San 
Juan, California, on September 28,1941. In one of the localities the plants 
were severely and suddenly injured by some cause other than late blight, ap¬ 
parently frost, several days after spraying. Potatoes in the other locality 
were not severely injured. On October 16, the sprayed and unsprayed plants 
in the unfrosted locality appeared similar in vigor with about 75 per cent, of 
the leaves still living. At the same time in the presumably frosted locality 
the unsprayed plants had about 10 per cent, of their leaves living, while the 
bordeaux-sprayed plants had only about 2 per cent. 

Dr. Heuberger of the Connecticut Agricultural Experiment Station in¬ 
forms the writer that he and Dr. Horsfall observed that bordeaux-sprayed 
cantaloupe foliage was more severely injured by frost than unsprayed 
foliage in Connecticut in 1940. Also, Dr. Ruehle of the Florida Agricul¬ 
tural Experiment Station writes that he has observed greater frost injury 
to bordeaux-sprayed than to adjacent unsprayed potatoes at Homestead, 
Florida. To the contrary, Butler (1) writes: “We are told that plants 
sprayed with bordeaux mixture resist white frost better than non-sprayed 
plants, which means nothing more, of course, than that sprayed leaves do 
not cool as rapidly as non-sprayed leaves.” The matter of bordeaux injury 
as related to low temperature was therefore investigated under controlled 
conditions. 

Materials and methods 

For all tests 1 per cent, bordeaux was prepared by adding equal volumes 
of 10 per cent. CuS0 4 • 5H 2 0 and 10 per cent. CaO to the required amount 
of water. Plants were sprayed with an atomizer at 35 pounds air pressure 
and were used for subsequent tests within a few hours after the spray had 
dried. All tests were arranged in paired comparisons so that one set of 
leaves mus sprayed with bordeaux and a similar set of leaves was left un- 
sprayedi The pairs used for comparison were opposite primary leaves, as 
in some tests with beans, similar shoots from the same potato tuber, or simi- 
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lar plants. All tests were replicated and repeated and were performed in 
the greenhouse, laboratory and cold rooms at Berkeley during the months of 
November, 1941, to December, 1942. 

To measure transpiration, detached bean plants with their stems in cot¬ 
ton-stoppered flasks were placed in the dark test environment and weighed 
at intervals. After completion of the test the leaf area was measured and 
the water loss was calculated on a unit area and time basis. Leaf area was 
taken as the total plane surface area and is thus twice the measured pla- 
nimeter area. It is realized that the effect of bordeaux in increasing transpi¬ 
ration is sometimes greater for detached leaves than for potted plants ( 4 ), 
but this does not appear important for purposes of this study. 

TABLE I 

Effect of Bordeaux spray on leaf temperature and leaf injury as related 

TO LOW TEMPERATURE 


Test surface 

Depression of temperature; amount by 

WHICH TEST SURFACE WAS LOWER THAN j 

AIR TEMPERATURE 

Injury of 

PLANTS HELD 
AT 0° C. FOR 
4-12 HOURS 
AND THEN 

RETURNED 

TO GREEN¬ 
HOUSE 

Diffi sk day 

LIGHT OF 

LABORATORY 
AT 21°, 
USUALLY 

ABOUT 

50% R.H. 

7° C. DARK 
ROOM 

64% R.H. 

0° C. DARK 
ROOM 

70 % R.n. 


°C. 

°C. 

°c. 

rating * 

Wet thermometer bulb 

— 6.1 

-2.5 

-1.4 


Young bean, unsprayed 

— 2.3 


-0.3 


il 1 i + bordeaux 

-3.5 


-0.6 


Medium bean, unsprayed 

-20 

-0.2 

-0.2 

0.031 

“ 1 * + bordeaux 

-2.6 

-0.9 

-0.3 

3.31 

Rusted bean, unsprayed 

-1.5 

-0.5 



“ li + bordeaux 

-2.2 

-0.5 



Mildewed bean, unsprayed 

-1.5 

-0.1 



tl ‘ * + bordeaux 

-2.0 

-0.5 



Potato, unsprayed 

-2.3 



1.7* 

‘ * + bordeaux 

-3.3 



3.5* 


* Scale of 0 to 10 in which 0 indicates no apparent injury and 10 indicates leaves are 
dead. 

t Each value is the arithmetic average of ratings of 7 plants. 

X Each value is the arithmetic average of ratings of 14 shoots. 

Temperature was measured to nearest 0.1° C. with glass thermometers 
with large cylindrical mercury reservoirs. The thermometers were gradu¬ 
ated to 0.2° C., and each was calibrated before use. To measure leaf tem¬ 
peratures the test leaf attached to the potted plant was folded once around 
the mercury reservoir and held tightly in place with a clip. In this way 
about 300 sq. mm. of the total of 366 sq. mm. outside area of the mercury 
reservoir was covered with and in tight contact with one thickness of leaf and 
the remainder, 66 sq. mm. was exposed to the environment. One test was 
arranged so that the entire mercury reservoir was in contact with one layer 
of leaf and no difference in temperature from that obtained by the above 
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method was detected. The temperature of bordeaux-sprayed leaves was 
measured with the spray on the outer leaf surface with respect to the ther¬ 
mometer, though the leaf surface in contact with the thermometer was also 
covered with a bordeaux deposit in some tests. The air temperature was 
always followed simultaneously with a similar thermometer. The use of 
mercury thermometers for the measurement of leaf temperatures is generally 
not regarded with favor by plant physiologists but the writer believes that 
the method gave reasonably reliable measurements in these tests. In simul¬ 
taneous temperature measurements of 8 bean leaves by this method, and with 
the average leaf temperature 2.7° C. below air temperature, the maximum 
difference between opposite leaves was 0.2° C. 

Relative humidity of the environment under study was measured with 
a Friez HA-2 hand-aspirated psvchrometer. The wet bulb depression as 
given in table I, however, was measured with thermometers of the same type 
used to measure leaf temperature, with the mercury reservoir covered with 
a thin linen jacket and dipped in distilled water before use. This ther¬ 
mometer with the wet bulb was held stationary in the same environment as 
test plants during leaf temperature measurements and wet bulb depression 
as taken from this thermometer was directly comparable with the observed 
leaf temperatures. 

Cold injury was brought about by exposing potted test plants in dark 
rooms held at approximately 0° C., 2° C., or 7° C\, and where the air was kept 
continuously circulating by means of fans. Injury to bordeaux-sprayed 
leaves was usually apparent in 4 hours as a wilting of the sprayed foliage. 
After 2 to 16 hours the plants were returned to the greenhouse where the in¬ 
jured foliage usually did not recover. About 24 hours after the plants had 
been returned to the greenhouse, injury was rated on an arbitrary scale of 0 
to 10, in which 0 indicated no apparent injury, and 10 that all the foliage was 
killed. A rating of 3 would then indicate that 30 per cent, of the leaf area 
was killed. Ratings of individual plants were made in unit figures, but 
averages of several ratings are expressed as decimal figures. In the quanti¬ 
tative measurements of cold injury to cantaloupes, the methods are pre¬ 
sented with the results. 

Results 

Effect of Bordeaux on transpiration 

Bordeaux spray greatly increased the transpiration of greenhouse-grown 
l>eans. The ratio of water loss per unit area for bordeaux-sprayed, to the 
water loss from unsprayed foliage, is termed the bordeaux ratio. In one 
temperature series the water loss in grams per square decimeter per hour for 
the unsprayed, and the bordeaux ratio was as follows: 0.29 grams and 2.3 at 
7 P C.; 0.86 grams and 2.6 at 13° C.; 0.5 grams and 6.0 at 22° C.; 0.89 grams 
and 3.7 at 31° C.; and 1.7 grams and 2.9 at 37° C. Results at 0° C. were 
more difficult to secure because the water loss was slower and because bor¬ 
deaux-sprayed bean plants usually wilted in a few hours; but in one test the 
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values were 0.11 of a gram loss and a ratio of 1.2, and in another 0.10 gram 
loss and a ratio of 1.5. The rate of water loss usually decreased rapidly with 
time at 0° C. Since these temperature comparisons were not performed 
under similar conditions of relative humidity and air circulation they should 
not be emphasized; but they do indicate that bordeaux spray increases tran¬ 
spiration over a wide temperature range, and even at 0° C. From the results 
secured it appears that the bordeaux ratio is less at high or low temperatures 
than at intermediate temperatures, and is always significantly greater than 1. 

Effect of Bordeaux spray on leaf temperatures 

Bordeaux spray consistently reduced bean and potato leaf temperatures 
and the amount of reduction varied with the experimental conditions. A 
total of 948 records of leaf temperature and 316 of the corresponding air 
temperature were made. Some representative values are given in table I 
and some in the following discussion. 

Temperature depression due to bordeaux was less at low than at moder¬ 
ate temperatures. This is indicated by the depression values of 2.6°, 0.9° 
and 0.3° (\, for bordeaux-sprayed beans at 21°, 7°, and 0° C., respectively 
(table I). Because temperatures were read to 0.1° C. the relative error of 
temperature depression values was greater at low temperatures. The smaller 
temperature depression at low temperatures is to be expected from the lower 
actual transpiration and lower bordeaux ratios at low temperatures. 

Young bean leaves with or without bordeaux spray showed more tem¬ 
perature depression than older leaves. This is indicated by the depression 
values of 3.5°, 2.6°, and 1.1° (\ for young, medium, and old, bordeaux- 
sprayed bean leaves, respectively (table I). 

When the lower surface of a bean leaf wrapped around a thermometer 
bulb was the transpiring surface exposed to atmospheric conditions, the 
temperature depression was lower than when the upper leaf surface was 
exposed. In one test the temperature of bordeaux-sprayed bean leaves was 
2.7° 0. below air temperature when the upper leaf surface was exposed to 
the atmosphere, and 3.6° C. below air temperature when the lower surface 
was exposed. This is presumably owing to the greater transpiration and 
resultant cooling of the lower leaf surface. Although the exposed surface 
of the leaf was the principal factor determining temperature depression, 
bordeaux treatment of the unexposed leaf surface against the mercury bulb 
of the thermometer also increased temperature depression somewhat, though 
no good reason for this is known. The data in table I were secured with the 
lower leaf surfaces exposed to the atmosphere. 

The temperature depression of leaves in an air current of 450 feet per 
minute (about 5 miles per hour) was less than that of leaves in the relatively 
still air of the laboratory. In one representative test at 20° C. and 50 per 
cent, relative humidity, the temperature depressions for bordeaux-sprayed 
young, medium, and old bean leaves with the lower surface exposed to the 
environment were 2.8°, 1.7°, and 0.2° C., respectively, with an electric fan 
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turned on, and 3.5°, 2.3°, and 0.4° without the fan. Other types of leaf sur¬ 
faces gave similar differences. In the same test as the above the tempera¬ 
ture depression of the wet bulb was 6.9° with the fan turned on and 5.7° 
without the fan. 

In another test of this type a bean plant was attached to a photometer 
and with one leaf wrapped around a thermometer. The plant was held for 
alternating 10-minute periods in still air, and in air at 600 feet per minute, 
for a total of 90 minutes. Each time the fan was turned on the leaf tem¬ 
perature rose (as much as 1.3° C. in 2 minutes) and each time the fan w*as 
turned off the leaf temperature fell, but no corresponding change could be 
detected in the rate of transpiration. These results are apparently the 
opposite of those of Cubtis (2) who states . . fanning may cause a drop 
in leaf temperature of from a few to 10° C. or more . . .” and “. . . tran¬ 
spiration is often reduced when the shoot is vigorously fanned. ” The expla¬ 
nation is probably that Curtis's observations were made in strong artificial 
light while those of the writer were made in diffuse winter daylight in the 
laboratory. In the observations of Curtis leaf temperatures were presuma¬ 
bly above air temperature, while in this writer's tests of the type recorded 
here, leaf temperatures were always below air temperature. 

Miller (4) has pointed out that most records of transpiration increase 
due to bordeaux were with greenhouse-grown plants. The writer believes 
that the temperature depressions recorded above are due primarily to tran¬ 
spiration and it might therefore be expected that temperature depression 
would be greater for bordeaux-sprayed plants grown in the greenhouse than 
for those grown outdoors. All records of bean leaf temperature reported 
here are for greenhouse-grown plants but a comparison was made of potatoes 
grown outdoors with those grown in the greenhouse. In one test in the 
greenhouse on February 24, 1942, the temperature depression for control 
and bordeaux-sprayed leaves was 2.9°, and 3.4°, respectively, for potatoes 
grown in the greenhouse and 1.9° and 3.1° for potatoes grown outdoors. 
This record indicates a temperature depression due to bordeaux for plants 
grown outdoors, as well as for greenhouse plants. 

Bordeaux also increased the temperature depression of bean leaves 
infected with powdery mildew, Erysiphe polygoni , D.C., and of leaves 
infected with rust, Uromyces phaseoli (Pers.) Wint. (table I). 

Effect of Bordeaux and low temperature on leaf injury 

Bordeaux-sprayed and control bean, potato, tomato, cucumber, canta¬ 
loupe, and cabbage plants were exposed in the dark to 0° C. and about 70 
per cent, relative humidity for 2 to 20 hours. Except for cabbage, injury 
resulted when bordeaux-sprayed plants were exposed at 0° C, for 12 hours 
or more. The controls were also injured in some tests but in every case 
(total of 14'tests) the bordeaux-sprayed plants were more severely injured 
than the unsprayed. Cold injury was usually apparent as wilting while the 
plants were in the cold rooms. Wilted, unsprayed plants frequently recov- 
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ered when returned to the greenhouse but wilted sprayed leaves usually died. 
Control plants with similarly sprayed leaves left in the greenhouse continu¬ 
ously showed no apparent injury. 

Average data for bean and potato, which were fairly sensitive to bor- 
deaux injury at low temperatures, are given in table I and potato shoots 
from one test are illustrated in figure 1. That the injury was associated 
with water loss from the foliage and was not a direct injury due to bordeaux 
at the low 7 temperatures tested is strongly indicated by the fact that bor- 



Fio. 1. Effect of bordeaux spray on cold injury to potatoes. Shoots were on the 
same plant. Shoot on right was sprayed 5 p.m., September 5, with 1 per cent, bordeaux. 
Shoot on left was unsprayed. Both were exposed to 0° C. in the dark from 7: 30 P.M., 
September 5, to 9 a.m., September ti, and then returned to the greenhouse. Detached and 
photographed 9 am., September 7. 

deaux-sprayed and unsprayed beans at 0° 0., but in moist chambers where 
transpiration was reduced or nil, showed no injury in 2 tests. 

With greenhouse-grown tomatoes, exposure of bordeaux-sprayed plants 
to low temperature caused severe injury or killed the younger leaves, but 
caused no apparent injury to the older leaves in 2 tests. 

Of the 6 plant species tested cantaloupe was apparently most sensitive 
to bordeaux injury at low temperatures. Unsprayed cantaloupes exposed 
to 0° C. for 16 hours overnight were injured in all tests, and bordeaux- 
sprayed plants were usually killed by the same exposure. To seeure quanti¬ 
tative data the green weight of the leaves of sprayed and unsprayed plants 
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was measured 10 to 18 days after they had been subjected to a series of test 
temperatures for one overnight exposure. Average results are presented in 
figure 2. Exposures to 0°, 2°, and 7° C. greatly depressed the yield of 
unsprayed plants, and the yield reduction was even greater for the bordeaux- 
sprayed plants. At 13° to 34° C. temperature alone had no apparent effect 
on yield, and reduction in yield due to bordeaux was progressively less with 
increase in temperature. At 40° there was a fairly definite reduction in 
yield due to high temperature, with no apparent difference between bor¬ 
deaux and control plants. At 0° to 2° C. the green weight of living leaves 
from bordeaux-sprayed plants was only 20 per cent, of the green weight of 
control plants, while at 28° to 40° C. the green weight of the bordeaux- 
sprayed plants was 98 per cent, of the green weight of the control plants. 
These results indicate that the bordeaux injury studied here is not merely 
an aggravation of injury caused by injurious temperature, but occurs only 
at low temperature. 


GREEN 3.01 
WEIGHT 
OF 201 
LIVING 
LEAVER l-0|O- 

GRAMS. 



O-CONTROL 

O-BORDEAUX 


O 2 7 13 20 28 53 40*C 

TEMPERATURE OF OVERNIGHT EXPOSURE 


Fia. 2. Effect of bordeaux spray and exposure in the dark to a series of tempera¬ 
tures on the yield of cantaloupe plants. The potted plants were sprayed with bordeaux 
and allowed to dry, then placed at the test temperature for 16 hours from 4 p.m. to 8 a.m. 
and returned to the greenhouse. Ten to 16 days later all living leaves were weighed and 
the above is the average of 4 tests, with one control and one sprayed plant at each tem¬ 
perature in each test. The results clearly show that exposure of plants to low tempera¬ 
tures greatly decreased the weight of plants and that this reduction was greater on 
bordeaux-sprayed plants. 

Cabbage was the only plant tested which did not show bordeaux injury 
at low temperatures. In one test, control plants and plants sprayed with 
1 per cent, bordeaux plpff 0.1 per cent, spreader were exposed for 16 hours 
in the dark to 0°, 2% T, 13°, 20°, 28°, 34°, and 40° C. and no injury due to 
bordeaux or to low or high temperature was observed on any of the plants. 

. *, Discussion 

The writer believes that the observed effect of bordeaux mixture in (a) 
increasing transpiration, (b) decreasing leaf temperature, and (c) increas¬ 
ing leaf injury at low temperature, are partially interdependent and that the 
two latter effects are partly the result of the preceding. To say that injury 
occurred at 0° C. as a result of increased transpiration and lowered leaf tem¬ 
perature due to bordeaux spray, is, of course, another way of saying that 
bordeaux-sprayed plants showed cold injury at higher air temperature than 
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unsprayed plants. The low temperature injury considered here could logi¬ 
cally occur only at relative humidities less than 100 per cent, and would 
therefore be less likely in a white frost than in a black frost. It has not been 
determined in this study with potted plants whether the cold injury ob¬ 
served was the result of drying out of the leaf due to decreased root absorp¬ 
tion at low temperatures (3) or due to other causes. Since the injury 
occurred at temperatures far above the freezing point, however, it is obvious 
that the injury is not associated with the formation of ice in the leaf tissues, 
and cannot be frost injury. Since wilting was an immediate symptom of 
bordeaux injur}' at low temperatures, it seems clear that the injury is 
directly associated with water relations. The writer believes the injury was 
probably a result of the increased water loss due to bordeaux, associated with 
decreased absorption and translocation of water at low temperatures. 

The importance of radiation in determining leaf temperatures in this 
study is not known. It is commonly believed that radiation of leaf surfaces 
to the sky is largely responsible for their marked cooling below air tempera¬ 
ture on clear nights. No reported effect of bordeaux deposit on this radi¬ 
ation has come to the writer’s attention, though Curtis’s observations [(2) 
fig. 4] indicate that lime deposit on leaves may have increased leaf radiation 
and decreased leaf temperature. Unfortunately the only controls were the 
same leaves after the lime had been removed by wiping. This effect of radi¬ 
ation may have been important in determining the difference in injury 
between bordeaux-sprayed and unsprayed plants in the field, but the writer 
does not believe that radiation was of importance in the laboratory studies 
reported here. 

Bean, potato, cucumber, and cantaloupe plants, which showed bordeaux 
injury at low temperatures in these tests, would probably be horticulturally 
classified as sensitive to cold. Cabbage, the most tolerant to cold under 
natural conditions of all the plants tested, showed no bordeaux injury associ¬ 
ated with low temperature. Though the numbers tested are small, it appears 
from the results that bordeaux injury associated with cold wxmld be more 
pronounced on plants naturally sensitive to low temperatures. 

Summary 

In a field of potatoes apparently injured by frost, bordeaux-sprayed vines 
w f ere more severely injured than the unspraved. 

In tests with greenhouse plants, bordeaux spray increased water loss 
from beans at temperatures from 0° to 37° C., decreased leaf temperatures 
of beans and potatoes by as much as 3.6° C., and caused injury to bean, 
potato, cucumber, and cantaloupe foliage at 0° C. Unsprayed cantaloupe 
plants were injured by exposure to 0° to 2° C. f but bordeaux-sprayed plants 
were more severely injured. Control and bordeaux-sprayed cantaloupe 
plants exposed to 20° to 34° C. show f ed no marked bordeaux or temperature 
injury, and plants exposed at 40° C. showed temperature injury without 
bordeaux injury. Cabbage plants show r ed no bordeaux or temperature 
injury at exposures of 0° to 40° C. 
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It is believed that the increased transpiration and decreased leaf tem¬ 
perature as a result of bordeaux spray are associated with the bordeaux 
injury to foliage at low temperatures. 

Division op Plant Pathology 
University of California 
Berkeley, California 
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NUTRITIONAL RELATIONSHIPS OF BORON AND INDOLEACETIC 
ACID IN HEAD LETTUCE 

Abthub D . Moinat 
(with two figures) 

Lettuce, which is being grown in ever increasing quantities, suffers from 
a number of nutritional disorders which have been the subject of consider¬ 
able speculation and study. Much of the difficulty with lettuce is evidently 
the result of the type of forcing culture which is used to obtain the most firm 
and succulent heads. Among the micro-nutrient elements, boron has been 
given considerable attention in recent years since it is now known to be more 
widely deficient in the soils of the country than was believed earlier. For 
lettuce it has been shown that boron deficient plants show necrotic tissue 
near the leaf margins and over the growing point. Such plants have been 
photographed and described by McHargue and Calfee (2) and others. 
Some have maintained that the symptoms are the same as those of the so- 
called tip-burn which has been the most serious disease of head lettuce in 
mail}' localities. Perhaps that which the grower includes under the desig¬ 
nation of tip-burn is in reality more than one physiological disorder. Mc¬ 
Hargue and Calfee found that 0.5-1.0 p.p.m. of boron in the culture 
medium was optimum for the production of lettuce leaf tissue dry matter, 
although they noted that quantities of boron which were toxic for young 
plants, might give favorable results with older plants. 

The function of boron in the plant is unknown but several hypotheses as 
to its possible activities have been proposed. McMurtrey (3), in his review 
of nutritional deficiency symptoms, points out the importance of boron for 
proper functioning of the growing points. Sciiropp and Arenz (5) found 
that a deficiency of boron was associated with greater uptake of nitrogen. 
Severe deficiency symptoms resemble those of ammonia poisoning. These 
authors also suggested an indirect function of boron, that of preventing 
swelling of the plasma colloids which might interfere with sap rise in the 
stem. Minarik and Shive ( 4 ) found that, lacking an optimum boron sup¬ 
ply, there was a subnormal quantity of calcium in the tissues of soybeans. 
Shive (6) has also reported a direct relationship between the soluble boron 
in plants and quantity of soluble calcium in both monocotyledons and dicoty¬ 
ledons. Minarik and Shive found that within the range of boron concen¬ 
trations used, the percentage of water in the tissues of soybean leaves de¬ 
creased with increasing concentrations of boron in the nutrient solution. 

A possible function of boron was suggested by Eaton (1) as being a 
necessary element for the formation of an auxin, such as indoleacetic acid. 
He was of the opinion that those plants in his tests which were grown with a 
limited supply of boron showed an increased growth rate when indoleacetic 
acid was sprayed on the leaves. Similarly Skooo (7) found an inter-rela- 
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tionship between zinc and indoleacetic acid suggesting the necessity of zinc 
for auxin synthesis or for the maintenance of auxin in an active state. 

In the studies reported herein, a number of concentrations of boron in 
the nutrient solution for head lettuce formed one group of tests while across 
the boron series indoleacetic acid in several concentrations was applied to 
the leaves as a spray. With such a set-up it was hoped that we would be 
able to study the inter-effect of the two substances and also their relationship 
to the tip-burn disease. 


Materials and methods 

Series I 

Lettuce of the variety New York was grown in sand cultures using Hoag- 
land’s nutriejit solution. The basic solution w T as made up with 0.005 M 
KNO„ 0.005 M Ca(N0 3 ) 2 , 0.002 M MgS0 4 , and 0.001 M KH 2 P0 4 . Copper 
chloride was added to the basic solution at the rate of 0.02 p.p.m. Cu; MnCl 2 
to get 0.4 p.p.m. Mn; ZnCl 2 to get 0.047 p.p.m. Zn. Ferric citrate w 7 as ap¬ 
plied at the rate of 1 p.p.m. with each addition of nutrient solution to the 
sand. Nutrient solution was applied every second day or more often if neces¬ 
sary to prevent wilting. Each week the sand of each plant container was 
thoroughly flushed out writh distilled w T ater. 

Boron was applied as boric acid in ten different concentrations of 0.0, 
0.005, 0.025, 0.05, 0.10, 0.25, 0.50, 1.0, 2.5, and 5.0 p.p.m. of boron to as many 
groups of plants. Each group consisted of 21 plants, 3 plants to the con¬ 
tainer, and seven containers. 

Indoleacetic acid was mixed wdth a lanolin-in-water emulsion, using 
sodium oleate as the emulsifying agent and making the following concentra¬ 
tions of indoleacetic acid: 0.0 (lanolin only), 5, 10, 20, 30, and 40 p.p.m. 
After the first three weeks of application, the concentrations of indoleacetic 
acid were increased to 0.0, 100, 150, 200, 250, and 300 p.p.m. The solutions 
were applied to the leaves and growing points of each plant each day with 
an atomizer. Of the seven pots of plants for each boron concentration, each 
pot of plants received a different concentration of indoleacetic acid spray 
including a distilled water spray for one pot of plants in each group. 

On harvesting, the plant material was weighed and then reduced to dry 
weights in a forced draft oven at 80° C. Sand was separated from roots for 
dry weight determination by floating off the dried roots after a light grind¬ 
ing in a mortar. The plants were grown in earthenware jars in the green¬ 
house at the University of Chicago during the summer. 

Series II 

Plants for this group were grown in the greenhouse during the late 
autumn. Properly treated cans were used as the containers for the Ottawa 
sand. After the plants were one inch high, supplementary light from two 
60-watt mazda lamps were given each night until harvest. 

Six series of boron concentrations were used in the basic nutrient solu¬ 
tion: 0.0, 0.001,0.008, 0.10, 2.5, and 8.0 p.p.m. The six containers receiving 



MOINAT: BORON AND INDOLEACETIC ACID IN LETTUCE 


519 


any one of the boron treatments were each given a different indoleacetie acid 
spray applied to the lettuce, the concentrations being 0.0,100, 200, 250, and 
300 p.p.m., the same solutions used in series I. The boron concentrations 
used in the two tests varied somewhat, especially in the range of the opti¬ 
mum ; but the exact determination of this datum was not one of the principal 
objects of the study. 

Results 

Series I plants grew rapidly but owing to the high temperatures or other 
unknown factors there was little tendency for heads to form. The plants 



Fio. 1. (Above) filioot growth in the boron series. Left to right: (1), minus boron, 
minus indoleacetie acid; (2), minus boron, 300 p.p.m. of indoleacetie acid; (3), 0.1 p.p.m. 
boron, 300 p.p.m. indoleacetie acid; (4), 5 p.p.m. boron, 500 p.p.m. indoleacetie acid; 
(5), 0.1 p.p.m. boron, minus indoleacetie acid. 

Fio. 2. (Below) Root growth in the boron series. Upper row: shoot given daily 
spray of 300 p.p.m. indoleacetie acid; from left to right: minus boron, 0.1 p.pjn., and 
0.5 p.p.m. boron in the nutrient solution. Lower row without indoleacetie acid; left to 
right: minus boron, 1 p.p.m., and 0.5 p.p.m. boron in the nutrient solution. 

developed a considerable amount of stem and the leaves tended to be less 
broad than is typical of lettuce grown in the field during cool weather 
(fig. 1). 

As shown in table I, the addition of a very small quantity of boron (0.005 
p.p.m.) to the nutrient solution produced a pronounced improvement in the 
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fresh weights of the plants. Five parts per million of boron were definitely 
toxic and caused a marked decline in the fresh and dry weights. Boron in 
quantities of as much as 2.5 p.p.m. or 5 p.p.m. resulted in death of cells, and 
production of large brown bands along the margins of the older leaves. The 
addition of 0.25 p.p.m. of boron to the culture solution appeared to be opti¬ 
mum for the production of green weight of leaves, although the differences 
in yields of dry or fresh weights for the range of boron applications between 
0.005 p.p.m. and 2.5 p.p.m. were not significant. 

Without boron added to the nutrient solution there were produced typi¬ 
cal, thick, brittle leaves reduced in size and cupped in shape. Brown spots 
and waxy exudations appeared on the younger leaves, and the growing point 
gradually became brown and non-functional. 

In the series II, where plants were grown in the fall but with supple¬ 
mental light, there was also little tendency to head; but the plants had 
shorter stems than did the summer grown plants. The optimum supply of 
boron for fresh weight and dry weight of shoot material was at a concentra¬ 
tion of 2.5 p.p.m., as is shown in table I. Actually the optimum is probably 
somewhat below 2.5 p.p.m. The differences in yields between the sets of 
plants supplied with different boron concentrations are all significant in 
series II. Plants receiving but 0.001 p.p.m. of boron gradually developed 
deficiency symptoms, especially the cupping of the younger leaves, but these 
changes did not appear until about 8 days after the first deficiency symptoms 
appeared on the minus boron plants. 

Root growth appeared to be optimum w ? hen the concentration of boron in 
the nutrient solution w T as 0.25 p.p.m. in series I and 2.5 p.p.m. in series II. 
Difficulties in obtaining net root weight make this determination very diffi¬ 
cult in the case of lettuce. 

Roots growing under conditions of boron deficiency were short and 
stubby with brown, rather than the usual wiiite, growing points. With 
limited growlh, the area for absorption was necessarily decreased although 
the minus boron plants did not appear to wilt as easily as did the larger 
plants. The smaller plants, of course, had a relatively greater water supply 
since all plants w*ere given the same quantity of nutrient solution (fig. 2). 

The percentage of water in the shoot tissues of plants of both series was 
slightly low'er in plants grown in solutions with little or no boron supplied. 
Data showing this trend are given in table I. Other differences in moisture 
content, except for the decrease in percentage of moisture in plants of series 
I, with an excess of boron are not of definite significance. It would appear, 
however, that succulence or tenderness and turgidity of tissue are correlated 
with optimum nutrition and water supply, which result in rapid growth and 
large thin walled cells. 

The lower concentrations of indoleacetic acid sprayed on the plants of 
series I daily for the first three weeks produced little change in the growth 
of the lettuce. Certainly the treatment did not prevent the development of 
boron deficiency symptoms. The stronger concentrations applied during 
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the last period of growth caused definite structural peculiarities such as 
epinasty of the leaves, thicker steins, and lighter colored stems and leaves. 
The higher concentrations did not prevent the development of boron defi¬ 
ciency symptoms in either series I or II. Although there was some indica¬ 
tion of improved growth in series I (minus boron plants treated with indole- 
acetic acid) this was apparently the result of stronger plants at the begin¬ 
ning, or other factors, as the effect did not appear in the series II test. The 
data recorded in table II, giving the yields with various concentrations of 

TABLE II 

Effects of indoleacetic acid concentration on the growth of lettuce 


Shoot growth 


Indoleactic acid con centration t 


Test 

Series I 

mu 



150 

200 

250 | 

300 

Green weight (gm.)$ .... 

57.44 


53.15 

54.77 

55.05 

57.02 

51.31 

Dry weight (gm.) . 

4.41 


4.29 

4.24 

4.45 

3.91 

4.08 

Percentage H*0 . 

92.5 

| 92.5 

91.8 

92.3 

91.9 

92.9 

92.1 


Series II 


Green weight (gm.) . 


65.82 

70.35 

60.11 

58.6 

64.02 

54.23 

Dry weight (gm.) . 

mi 

3.64 

3.83 

3.11 

3.11 

3.45 

3.03 


Root growth 


Series I 


Dry weight (gm.) . 

1.53 

1.60 | 

1.70 

1.56 

1.54 

1.70 

2.02 

Series 11 

Dry weight (gm.) . 


0.38 

0.32 

"0.24 

0.17 

0.18 | 

0.23 


$ Yields are the average of each group yield ; each indoleacetic group consisted of 10 
boron treatments from 0.0 to 5.0 p.p.m. 

t D. Distilled water spray. 

I L. Lanolin emulsion without indoleacetic acid. 

* Concentration in parts per million. 

indoleacetic acid, show no definite trends which can be ascribed to the auxin. 
Indoleacetic acid in series II apparently caused a somewhat more rapid elon¬ 
gation of the stems. 

Boron deficiency symptoms are different from the so-called tipburn which 
causes much damage in the field. With the latter malady brown necrotic 
areas are most often found near the margins of leaves, averaging two or 
three inches in length. The brownish areas coalesce and tend to spread 
down.the veins a short distance. Young plants, however, often show injury 
to the growing point as well as farther out on the leaves. 

Typical tipburn, near the leaf margin, appeared on the plants of series I 
which were given boron solutions ranging from 0.005 to 2.5 p.p.m., but only 
on plants which did not receive the indoleacetic acid spray. One or two 
plants which were sprayed with indoleacetic acid in series II showed definite 
tipburn. In A third series of soil grown plants the tipburn appeared on 
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leaves sprayed daily with 250 p.p.m. of indoleacetic acid. Sand grown 
plants did not grow quite rapidly enough to produce the maximum quantity 
of tipburn. 

, Summary 

1. As little as 0.005 p.p.m. of boron in the nutrient solution gave excellent 
growth of lettuce and prevented death of cells at the growing points as well 
as other deficiency symptoms. A concentration of 0.001 p.p.m. of boron 
delayed the appearance of deficiency symptoms. 

2. Indoleacetic acid sprayed on the leaves produced plants with open 
heads, lighter green color, and shorter and thicker stems in summer grown 
plants; it did not, however, give evidence of replacing boron in promoting 
the normal growth and development which plants well supplied with boron 
have. 

3. Neither boron nor indoleacetic acid prevented the appearance of the 
disorder known as tipburn. 

4. The percentage of water in the shoots of the plants grown in a boron 
deficient medium was slightly lower than it was in the more normal plants 
grown with /sufficient boron. A high boron concentration in the nutrient 
solution also resulted in a lower moisture content in the plant shoot. 

The author wishes to express his appreciation to Dr. E. J. KraUs of the 
Department of Botany, University of Chicago, for the opportunity to work 
in that laboratory and to Dr. 8/ V. Eaton for suggestions during the course 
of the stuciy. 

Colorado State College 
Fort Lewis Branch 
Hesperus, Colorado 
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GERMINATION (EMERGENCE) OF VEGETABLE SEED AS 
AFFECTED BY DIFFERENT SOIL MOISTURE 
CONDITIONS 1 

L. D. Doneen and John H. UacGilutkay 
(with one figure) 

Moisture is one essential condition for seed germination, and poor germi¬ 
nation is very costly to growers. There is, nevertheless, little experimental 
evidence concerning the effects of different percentages of available moisture 
( 6 ) on germination; more study of the subject is essential. Since most vege¬ 
table seeds are planted at shallow depths, there may be rapid fluctuations of 
soil moisture around the seed, especially during the warmer months. This 
condition is common both to the irrigated soils of the west and to the soils of 
humid areas. 

Though several reports have been published concerning the effect of soil 
moisture upon germination, in no case has there been accurate measurement 
of the available soil moisture. Livingston (3) indicates that seed germina¬ 
tion varies with the species of plant concerned as well as with the percentage 
of soil moisture. According to Cooper (2), several species of forest-tree 
seeds respond differently to various amounts of supplementary water in 
addition to natural rainfall. Bass (1), studying the germination of New 
Zealand spinach, found it to be variable; but the germination was increased 
when the seeds were dried at intervals during the tests. Parker and Oliver 
(6) studied the combined effects of soil moisture and fertilizer placement on 
the germination of cabbage, snap beans, and pea seeds. In some treatments 
there were indications that low soil moisture and method of fertilizer appli¬ 
cation reduced germination. MacGillivray (4) has studied the effect of 
soil moisture, temperature, and varieties of wheat upon germination. Germi¬ 
nation was affected by these three factors. As Shull (7) has shown, the 
seeds of several plant species will absorb water from solutions much higher 
in atmospheric pressure than 16 atmospheres (8, 9) which is approximately 
the pressure of the permanent wilting percentage (5). Xanthium seeds 
proved able to extract water from a solution whose concentration was 1,000 
atmospheres. 

Methods and discussion 

A Yolo fine sandy loam (field capacity 15.7 per cent., permanent wilting 
percentage 8.6 per cent.) and a Yolo clay (field capacity 29.9 per cent., per¬ 
manent wilting percentage 14.9 per cent.), obtained on the University Farm, 
were used in this experiment because of their different ability to hold the 
available water. These soils were air dried, and the moisture contents deter- 
pnined. To obtain a series of soils with different moisture percentages, a 
[quantity of soil was placed in a rotating cement mixer and was sprayed with 

a Mr. Evexett Synnski and Mr. M. Zobel assisted in taking records; Dr. L. D. 
Leach cooperated in treating the seed for germination diseases. 
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TABLE I 

Germination (emergence) or vegetable seed in Yolo fine sandy loam at different soil moistures, grouped with reference to germina 

TION NEAR PERMANENT WILTING PERCENTAGE (FIELD CAPACITY 15.7 PER CENT.; PERMANENT WILTING PERCENTAGE 8.6 PER CENT.) 


DONEEN AND MACGILUVRAY: GERMINATION AND SOIL MOISTURE 525 


18 

Eh < fc 

3 S S 

I 

CO ® 



oo 


rH 


CO 


rH 



s 

rH 

w 


Eh 


CA 


O 

d 





© 

CA 

rH 


rH 

W 


o 




Eh 



O 

W 

rH 



i * 


w 


1 & 



© 


X 

1 

b- 

1 W 


© • 

^ bn 

£* K 

|31 

u a § 

SS| 

WO 

SE 

© a 

d) 



§ 

£ 

B 

m 

a 

8 

aa 



t-. Cl tH Ih CO 05 00 05 lH CO t-- CD rH 

ID In C© 

W WOON 



tHoitHoicicD'ododooxoS^tHCD 

© tH 00 CD 

CO ID CD CD Cl 




rH rH 

rH X 


* 

DOSOMAIAWDO^OOHW 

X 05 rH CD 

XHOC1W 


X©X©©©X©©©t'»©©X 

tH 00 CD 05 

X 05 05 05 b- 
rH 

X 

£ 

H<>1OH*«C0IAHlASOftHW 

SXOC1 

O 05 CD X 05 

X 

05000.050505X050505000)0505 

b» X X X 

ft X X ft t- 

tH 


rH 

H 



XCltHlD©©t^lDCDb»©XrH^ 

X 05 X rH 

H CD 05 rH b» 

Cl 


©©X©©XX©©©tH©©© 

b- X X h* 

05 X X 05 X 

© 



rH 

rH 


# 

eooiHNa«’f«©05©ocoHt 

® ci h a 

rH CD !"» © CD 

X 

©©©©©©X©©©b-©©© 

b- © X rH 

© X X © ID 



rH 

rH 



010HlA05fOCClOCCNM05HW 

l- tC O N 

rH © © Cl © 

© 

05 05 05 05 05 05 X©©©t-«©©© 

X X tH rH 

X X X X Cl 

<M 


rH 


! 


ioo»05«ioecxHt05ior^oo 

lAO'l’N 

1001X51N 

l 

© 

© © X X © © X X © © b- © © © 

l- X CD X 

© tH b- ID tH 



H‘fl505H'OOONaOOJOH<»AH< 

SSC1X 

© X © h* ID 

© 

a 00X050505XSXObXSl- 

lOWH*© 

<M Cl rr 


* 

O « N rt* H w O H Cl N a c o o 

Xt~l-CDXXXX<M rH 

XOTtMO 

© © X X X 

© 


OOOOOWr-OrHOOOOO 

o o o 

© © © © © 

© 

ts 

CO CUOXlOONOftOODt- 

rH <M 

X X rH rH 

© 

05 05 O5O5O5XO5O505XO5O5X 

05 X 

© X © © 

X 


& 

•a 

C3 

a 


A 

s 

5 


a 

a> 

1 « 
& * 


^ fl) 

r0 


.s Brj 

g«© a fS 

OjN & 

HO 

JStif <8® £ 


s>* 

§"§g 

go® 


£* g ® gS 

■pill l 

H$®® 



^ ^ a! 2. "fl B w **0' 

ia|j« 

fr 2 *2 *3 


go®®® 

o 6 





526 


PLANT PHYSIOLOGY 


sufficient water to bring it up to the desired moisture level. In the case of 
the Yolo fine sandy loam it was possible to bring and hold the soil moisture 
above the moisture equivalent (18 per cent., table I). Some puddling of the 
soil was noted at this moisture content. By this method it was possible to 
obtain, within the limits of ±: 0.2 per cent., the soil moisture desired. At 
and above 10 per cent, soil moisture for Yolo fine sandy loam and 20 per cent, 
soil moisture for Yolo clay, some of the crop seeds were treated with suitable 
seed disinfectants to obtain maximum, germination. Seed treatments were 
not used at low soil moistures because they reduced the germination. With 
most of the crops 350 grams of the soil was placed in a no. 2 friction-top can, 
the soil was tamped, and 10 seeds were spaced evenly on the soil surface. 
Fifty grams of soil were used to cover the seed, and the surface again 
tamped. The larger seeds were placed on 300 gm. of soil and covered with 
100 gm., so that in all cases each can held 400 gm. Twenty cans, or 200 seeds, 
were used for the averages of the Yolo fine sandy loam, and ten cans with 
100 seeds for the Yolo clay. The seeds in these cans were germinated in a 
constant-temperature room at 77° F. except celery, lettuce, onions, and peas 
which were placed at 64° F. ‘ i Germination ’ 9 as used in this paper indicates 
the percentage of seeds that sprouted and from which the plant emerged 
above the soil surface. Germination was recorded daily from the second to 
ninth day after seeding, and every other day for the remainder of the three- 
week germination period. 

To obtain satisfactory germination, the lettuce seeds were planted ^ of 
an inch deep in the soil, but otherwise were handled in the usual way. Celery 
did not give satisfactory germination under the same conditions, but germi¬ 
nated well when planted in the usual soil mixture in common Petri dishes. 
One hundred seeds were planted in each dish. For celery, better germina¬ 
tion than that shown in table I could be obtained by adding a drop of water 
to each seed after planting or by covering the soil surface with a wet filter 
paper or a wet cloth. Under these conditions 100 per cent, germination was 
obtained in a single Petri-dish trial. 

At the end of the experiment all cans were screened so the seeds could be 
examined and the sprouting noted. Sometimes the percentage of moisture 
was determined after screening. For beets and New Zealand spinach, both 
the germination of the seed balls and the number of seedlings per 100 seed 
balls were recorded. Sunflower seeds were included with the vegetables 
because they are frequently used in determining the permanent wilting per¬ 
centage. 

Based on these data, the vegetable crops seem to fall into four groups. 
The classification was made by using the percentage germination just above 
the permanent wilting percentage; in other words, 9 per cent, for the loam 
and 16 per cent, for the clay soils. Thus in group A the total germination 
covered a range of 98 to 74; in group B, 57 to 42; in group C, 29 to 4; and 
in group D, 0. Winter squash in table II was the only vegetable that failed 
to meet these criteria. 
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» 

Vegetable seeds give a satisfactory field germination percentage over the 
entire range of available soil moisture except for lima beans, beets, celery, 
lettuce, peas, and New Zealand spinach, which germinated less than 50 per 
cent, near the permanent wilting percentage. In addition, snap beans, car¬ 
rots, and winter squash (clay soil only) seeds germinated less than 70 per 
cent. With some of the crops there was considerable germination in both 
soils below the permanent wilting percentage. The germination at low soil 
moisture appeared not to be correlated with the size of seeds. 

. The germination of celery seeds was very striking because none was ob¬ 
tained below 11 per cent, soil moisture, which was well above the permanent 
wilting percentage. This likely accounts for a common greenhouse practice 



Fig. 1. Interval m days between planting and emergence of first and last seeding. 
Average of fifteen crops planted in Yolo fine sandy loam. 

of starting celery plants by scattering the seeds on the surface of the soil in 
a greenhouse flat, and then screening soil on the seeds until about half of 
them are covered. To insure high moisture, the flat is watered frequently 
through a piece of burlap sack and may also be covered with a piece of 
window glass. By keeping the burlap wet, the seeds are germinated in wet 
soil at a high humidity. 

Seeds germinated more quickly at high soil moistures than at low and, 
except for the 8 per cent, soil moisture, the interval between first and last 
germination increased as the water content decreased. All crops that germi¬ 
nated at 8 per cent, soil moisture and above were used for figure 1. The soil 
moisture was determined in several cans of 9 per cent, and 10 per cent, series 
after the germination period of three weeks, to determine whether all the 
available moisture had been absorbed by the seeds. For a representative 
sample of the crops, the soil moisture was reduced below the permanent 
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wilting percentage in 38 per cent, of the cases in the 9 per cent, soil moisture, 
and in only 13 per cent, of the cases in the 10 per cent, soil moisture (table I). 
In all trials in this work, the soil moisture given is that of the soil at the time 
of seed planting, and the reduction in soil moisture was critical only at low 
soil moistures. 

Though the seeds of certain crops had sprouted at the low soil moistures, 
the plant did not appear above ground and so was not counted in the germi¬ 
nation. Crops that germinated less than 80 per cent, at 9 per cent, soil 
moisture and that had a fair percentage of sprouted seed not appearing above 
the surface were lima beans (61 per cent.), beets (31 per cent.), and peas 
(68 per cent.). Lettuce had only 3 per cent, sprouted seed at 9 per cent, 
soil moisture. Many of these crops germinated less at the highest soil mois¬ 
tures than at some lower moisture, but the differences were significant only 
for spinach and New Zealand spinach. 

TABLE II 

Germination (emergence) at 77° F. of vegetable seeds in Yolo clay soil at differ¬ 
ent soil moistures, grouped with reference to germination near permanent 
wilting percentage. (Field capacity = 29.9 per cent.; permanent 
wilting percentage = 14.9 per cent.) 


Seeds tested 


Official 

germina¬ 

tion 


Percentage soil moisture 


14 | 16 | 18 


20 | 22 


24 


26 


28 


Least 

significant 

DIFFERENCE 


Germination 



% 

% 

% 

% 

% 

% 

% 

% 

% 


Group A 











Corn, sweet. 

95 

38 

80 

95 

91 

87 

95 

91 

90 

3.4 

Cucumber . 

90 

30 

91 

90 

85 

88 

84 

82 

84 

19.9 

Radish . 

95 

2 

85 

96 

93 

93 

95 

95 

92 

8.2 

Squash, winter ... . 

99 

0 

55 

71 

63 

79 

85 

81 

82 

26.2 

Tomato . 

97 

11 

93 

89 

91 

i 

95 

89 

91 

87 

8.4 


Germination in closed tin containers was probably more favorable for 
some seeds than for others. All seeds germinated within 5 per cent, of the 
official germination except carrots, onions, and peppers for the sandy loam; 
and winter squash for the clay soil. In preliminary trials there was some 
damping-off or rotting of seedlings in the cans. This was reduced and 
greater germination obtained by proper seed treatments; but sterilized soil 
was not used because steam sterilization may affect the moisture-holding 
capacity of the soil. 

For statistical analysis the percentage of germination was calculated on 
the basis of the 10 seeds in each can. At first it was planned to use 10 cans 
of each vegetable and each treatment. Since, however, the results were vari¬ 
able, the number of cans was increased to 20. Even then the errors were 
much greater for some vegetables than for others. The large error for 
cucumbers and winter squash on the clay soil (table II) is probably due in 
part to the use of only 100 seeds in 10 cans. 
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With the normal procedure it was impossible to obtain satisfactory ger¬ 
mination of lettuce, celery, endive, and parsnips. Some of these crops have 
been mentioned already. Endive gave as high as 62 per cent, germination 
(official germination, 95 per cent.) at the higher figures of 14 to 18 per cent, 
soil moisture. Parsnip seeds gave poor germination at all soil moistures in 
cans; the official germination was not known. Endive and parsnips were 
not included in the tables; they may be typical of seeds found in group C 
or D. 

Summary 

Most vegetable seeds gave good germination over the entire range of 
available water and seem to fall into four groups based on their ability to 
germinate near the permanent wilting percentage. Seeds of all crops germi¬ 
nated in a shorter time at high soil moistures than at low. 

Divisions or Irrigation and Truck Crops 

University or Caupohnia, Davis, Calipornia 
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INFLUENCE OF THE HYDROGEN-ION CONCENTRATION 
OF THE SUBSTRATE ON THE DEVELOPMENT OF 
LEAFY MOSS PLANTS 1 

Samuel L. Meyer and Clifford H. Ford 
Introduction 

The literature on the physiology of mosses contains interesting results of 
investigations concerning the influence of the hydrogen-ion concentration of 
the substrate on the germination of moss spores, the growth of protonemata, 
and the development of leafy plants. In many cases, the conclusions reached 
are in marked disagreement. 

Treboux (7) observed that the spores of such acid substrate mosses as 
Sphagnum and Dicranella germinate best in an acid medium. Kessler (3) 
reported that the spores of mosses which grow under basic conditions ger¬ 
minate on an alkaline substrate while spores of mosses which grow in an acid 
environment germinate on a medium of similar reaction. Pringsiieim (5) 
concluded that though the protonemata of Leptobryum piriforme grow 
best in a slightly acid solution buds develop best in an alkaline medium. 
Schweizer (6) obtained some interesting results with Fnnaria hygro - 
metrica, a species which naturally occurs on alkaline or only slightly acid 
substrates. He found that spores can withstand a pH of 1.55 without im¬ 
pairment of germination; that protonemata develop equally well whether 
the acidity of the medium is high or low; and that young moss plants develop 
equally well in cultures of high or low acidity. Ikenberry (2) studied 
the hydrogen-ion concentration of the habitats of various moss species as 
well as the pH values of solutions most favorable to spore germination and 
development of protonemata. He concluded that: “In general, there is 
no consistent correlation between the pH of the substratum where a given 
species is found in greatest abundance in nature and the reaction of the 
culture solution in which its spores germinate and protonema grow most 
readily.” Apinis (1) observed that in order for protonemata to give rise 
to leafy plants: “It is necessary that the pH of the solution correspond to 
the pH interval observed in natural conditions.” He concluded that in 
Sphagnum plumosum, Fnnaria hygrometrica , and Poly trichum juniper - 
inum: “It was experimentally found that the pH interval of the leaf-bear- 
ing moss development or its optimum corresponds to the acidity of the sub¬ 
stratum of the respective mosses in natural conditions.” This conclusion is 
of particular interest when compared with the results of Schweizer (6), 
mentioned above. Apinis cited the work of Treboux (7), Kessler (3), 
Prinqsheim (5), and Ikenberry (2) but apparently overlooked the con¬ 
tribution of Schweizer (6). Apinis, however, very aptly summed up the 

* Contributions from the Botanical Laboratory, The University of Tennessee, n. ser. 
no. 65. This Ur the fifth of a series of studies on the physiology of mosses by the senior 
writer. 
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entire situation when he said: “It is apparent from the above that there 
is a certain uncertainty about this matter.” 

The present investigation was begun in order to determine the relation, 
if any, between the hydrogen-ion concentration of the substrate and the 
development of leafy moss plants from primary protonemata. 

Materials and methods 

For this investigation, eight buffered culture solutions were prepared in 
the manner described by Ikenberry (2). A nutrient solution was prepared 
with the following composition: Ca(NO a ) 2 4H 2 0, 0.491 gm.; MgSO* * 7H 2 0, 
0.056 gm.; Fe 2 (S0 4 ) 3 , trace; and distilled water to 1090 ml. To a given 
amount of the nutrient solution, an equal quantity of phosphate buffers was 
added. The latter were combined in various proportions to give solutions of 
different pH values. The phosphate buffer mixtures were prepared from 
the following stock solutions*. H 3 P0 4 , 2.178 gm. per liter; KH 2 P0 4 , 3.026 
gm. per liter; K 2 HP0 4 , 3.872 gm. per liter; and K 3 P0 4> 4.718 gm. per liter. 
A solid substrate nutrient medium was prepared by using the above men¬ 
tioned solutions and 2 per cent, washed agar. 

Eight series of cultures were set up in 125-ml. Erlenmeyer flasks, each 
flask containing 50 ml. of the buffered nutrient agar. Five flasks were in¬ 
cluded in each series. A Youden quinhydrone pH apparatus was used in 
making the pH determinations. The pH value of the cultures in each series 
is shown below: 


Series 

pH value 

Specific acidity 

I 

4.28 

525.0 

II 

5.94 

11.5 

III 

6.21 

6.17 

IV 

6.46 

3.47 

V 

6.99 

1.02 

VI 

7.51 

0.309 

VII 

7.70 

0.20 

VIII 

7.97 

0.107 


Funaria hygromctrica was the species used in these experiments. It was 
used by Aptnis (1) and Sciiweizer (6). Spores were germinated on the 
liquid nutrient solution in a Petri dish. After germination, and when the 
protonemata were long enough to bo handled easily, protonemata from sev¬ 
eral spores were transferred to each flask by means of a fine glass needle. 

The cultures were kept at room temperature and the source of illumina¬ 
tion was light from a laboratory window. 

Observations and discussion 

Several studies have been made of the hydrogen-ion concentration of the 
substrate on which Funaria hygromctrica occurs in nature. Montgomery 
( 4 ) listed the occurrence of that species in a pH range of 5.2 to 7.6. His 
observations were based on two tests. Ikenberry (2) found Funaria hygro - 
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metrica in a range of slightly less than pH 7 to pH 9, most frequently 
around pH 8. His conclusions were based upon 56 separate collections. 
Apinis (1) found that the same species grew in a pH range of 5.8 to 8.4, 
usually in pH 6.0 to 8.0. He also observed that though the spores germi¬ 
nated and protonemata developed in a pH range of 4.5 to 9.0, “Moss develop¬ 
ment is detected only on neutral and alkaline substrata pH 7.1 to 8.8.” 
These pH values, indicating the range in which leafy plants were formed 
most abundantly, correspond closely to the pH value reported by Iken- 
berry (2) for most frequent occurrence of that species (pH 8). They ap¬ 
pear to support the conclusion of Apinis (1) that there is a correlation 
between the pH of the substrate where a species of moss occurs in nature 
and the pH of the artificial medium on which protonemata develop leafy 
plants. 

The pH values of the culture series used in this investigation ranged 
from approximately 4 to 8. Some of these values are considerably more acid 
than those of the substrates on which Funaria hygrometrica has been found 
growing in nature. The pH values of series I through series V, pH 4.28 to 
6.99, are much more acid than the neutral or alkaline substrates of pH 7.1 to 
8.8 on which the development of leafy plants is reported to have been limited 
in the investigations of Apinis (1). 

Pinal observations were made at the conclusion of a growing period of 
approximately three months. Protonemata grew and leafy plants developed 
in cultures at every pH value. These results indicate that protonemata of 
Funaria hygrometrica produce leafy plants on substrates that are consider¬ 
ably more acid in reaction than those on which that species usually occurs 
in nature. Furthermore, the pH values of the media on which leafy plants 
develop are much more acid than the limited range in which that develop¬ 
ment is reported by Apinis (1). 

These observations support the general conclusion of Schweizer (6) that 
leafy plants of Funaria hygrometrica develop on substrates of botli high 
and low acidity though the cultures used were mostly in the acid range of 
pH values. No evidence has been found to support the experimental results 
of Apinis (1) or his suggestion relative to a possible relation between the 
pH of the substrate where a moss species occurs in nature and the pH range 
of the artificial media on which leafy plants develop. 

Summary 

Results of investigations with Funaria hygrometrica grown from pri¬ 
mary protonemata on buffered nutrient agar substrates of pH values rang¬ 
ing from 4.28 to 7.97 indicate that there is no clearly defined correlation 
between the pH value of the substrate on which that moss species most fre¬ 
quently occurs in nature and the pH value of the artificial media on which 
leafy plants ifevelop. 

Department of Botany 

The University of Tennessee 
Knoxville, Tennessee 
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BLOSSOM INDUCTION OF THE CRANBERRY 

R. H. Roberts and B. Esther Struckmeyer 
(with two figures) 

As part of a study of the growth and fruiting habits of the cranberry (3) 
data were collected to determine the time of blossom induction. The method 
used was similar to that employed in finding the time of induction of the 



Flo. 1. Cranberry blossom initiation, 1942 variety McFarlin. A. Tip of vegetative 
upright, June 19. B. Terminal bud, July 21. C. Blossom primordia, at cross, July 29. 
D. Blossom development, August 17. E. Same, September 8. 
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apple (4). Twenty-five to thirty uprights were defoliated (except the 2 or 3 
terminal leaves) at 5- to 8-day intervals from the time the earliest blossoms 
hooked (turned down), about June 4, until three to four weeks after shoot 
growth was completed, on August 13. 

An exact dating of induction is difficult because of the range of develop¬ 
ment which is typical of the cranberry. For example, the blossom period 
extended from June 10 until July 21 and the period of full blossom from 
June 25 to July 8. The growth of non-blossoming uprights was completed 
about July 20 as determined by averaging the lengths of 60 to 75 new 
growths weekly. Many new growths would have been through elongating 
10 to 15 days previously. 




Fig. 2. Samples of uprights photographed September 16. Numbers show percent¬ 
ages of blossom buds formed. A. Untreated upright. B. Defoliated, June 4. Much 
new growth added. C. Defoliated, June 10. D. Defoliated, June 18. E. Defoliated, 
June 25. Some new leaves formed after defoliation. F. Defoliated, July 8. No new 
leaves. G. Defoliated, July 21. The presence of blossom buds on these shoots with no 
new* leaves indicates induction was under way prior to defoliation. 

The first blossom primordia on untreated uprights were found July 29 
(fig. 1, C). This compares well with the observations of Goff in 1901 (1) 
and those of Lacroix (2) on plants growing in Massachusetts. 

The defoliated uprights were collected September 16 and the tips exam¬ 
ined for blossom primordia. Representative shoots are shown in figure 2. 
Elongating growth and new leaves were formed following leaf removals 
until June 25. These new leaves induced blossom buds. Defoliation on 
July 8 inhibited bud formation (except on the few uprights upon which a 
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second growth and new leaves were produced following leaf removal). Many 
of the uprights which were defoliated July 15 differentiated blossom buds. 
That is, removal of the leaves on this date did not prevent bud formation. 
This is taken as evidence that induction was under way prior to this time. 
Uprights which were defoliated at later successive intervals showed increas¬ 
ing percentages of blossom buds. The dates of defoliation and percentages 
of blossoms formed follows (see fig. 2): June 4, 100.0; June 10, 45.5; June 
18, 28.5; June 25, 21.5; June 30, 12.5; July 8, 0.0; July 15, 38.4; July 21, 
54.5; July 29, 59.1; August 4, 72.7; and August 13, 80.0. Undefoliated up¬ 
rights had 72.1 per cent, of terminal blossom buds. The reason for the lower 
percentage of blossom bud formation on the check uprights than on the 
earlier defoliated ones and on the last ones to be treated, was because the 
checks included some later-starting and less vegetative shoots than those 
selected for the defoliation tests. Only the more prominent, and so, more 
vigorous growths were used for leaf removals, particularly early in the 
season. 

In 1942, induction of McFarlin cranberry blossom buds at Black River 
Falls, Wisconsin, was approximately July 10 and the earliest observed blos¬ 
som primordia were found July 29, approximately three weeks later. 
University or Wisconsin 
Madison, Wisconsin 
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NOTES 


Annual Election.—The annual election of the American Society of Plant 
Physiologists has resulted in the naming of Dr. B. S. Meyer of The Ohio 
State University as president for 1943-1944. Dr. Paul J. Kramer, Duke 
University, is vice-president; and Dr. Earl S. Johnston, The Smithsonian 
Institution, Washington, D. C., has been chosen secretary-treasurer. A tie 
vote for one of the offices will have to be decided by the executive committee. 

Sectional Meetings.—One after the other, the regional sections have 
found it impossible to hold the meetings which would have been held in 
1943. The Southern Section usually meets in February with the Southern 
Agricultural Workers, but the latter group held no meeting. The New 
England Section has its annual meeting in May, but postponed meeting 
again until conditions for travel are more favorable. The Western Section 
had planned a meeting at Corvallis, Oregon, but rationing and transporta¬ 
tion problems led to the cancellation of the meeting. It seems probable now 
that no meetings can be held until the restrictions upon such activities are 
relaxed. In the meantime the American Society of Plant Physiologists 
and its Sections will find it necessary to transact business. The constitu¬ 
tional provisions should be followed strictly where provisions exist; and 
where they do not, steps should be taken to provide the necessary machinery 
for the transaction of business. The constitution of the parent society, 
By-Laws Section 2 a, provides that: “The executive committee shall have 
power to consider and act upon all matters not reserved to the Society as a 
whole / 9 Steps should be taken at once by the executive committee to pre¬ 
scribe the methods to be employed during this meetingless interim. It 
would be unfortunate to allow irregularities to creep into our transaction 
of any required business. 


On May 7, 1943, the American Society of Plant Physiologists lost one of 
its oldest members by death. Dr. Alexander Pierce Anderson of Red 
Wing, Minnesota, passed his eightieth birthday anniversary on November 
22, 1942. He became a member of the Society not long after it was organ¬ 
ized, his name appearing in the second membership list issued in the spring 
of 1927. He was a staunch supporter of the Society, having been one of 
the generous donors who helped to found the Stephen Hales award in 1927. 
Later on he became one of the small list of patrons (the second of them 
to be deceased), and in 1937 he was honored at Indianapolis by being 
awarded a Charles Reid Barnes life membership. 

A brief biography of Dr. Anderson was published in Plant Physiology 
13: 214-215. 1937, so that it is not necessary to repeat the details of his 
life work. He was a fellow of the American Association for the Advance- 
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ment of Science, a member of the American Forestry Association, the Min¬ 
nesota Academy of Sciences, the Minnesota Historical Society, and the Geo¬ 
logical Society of Minnesota. His experimental work on cereal foods was 
very extensive, and embraced over 15,000 experiments. 

To all surviving members of his family we extend our sympathy. If 
man’s greatness is in proportion to the extent of his service to all, Dr. 
Anderson was truly a great man; for his work contributed to the pleasure 
and welfare of the whole world. 


Tissue Culture.—An unusually fine work has come to the attention of 
plant physiologists in Philip R. White’s A Handbook of Plant Tissue Cul¬ 
ture . It lives up to its name, as it is a small volume, a genuine handbook, 
and the subject is presented with a fulness and clarity that one seldom finds 
in a brief book. Dr. White is a gifted writer, and it is a great service 
that he has rendered in the preparation of this work. There are ten chap¬ 
ters in all: The introduction, setting forth the problems of morphogenesis 
and the origin of functions; the history of plant tissue culture; the living 
materials; the laboratory; nutrients; how cultures are started; culture tech¬ 
niques ; growth measurements and their interpretation; tissue culture and 
the study of problems in the pathology and general physiology of plants; 
and morphogenesis. A bibliography of 457 titles, and a general index 
complete the work. It is well illustrated, with 71 figures. One of the 
appreciated features is the series of portraits of the investigators who have 
contributed much to the field. The detailed description of the laboratory, 
and the meticulous directions for manipulation of apparatus, the making 
of media, recording results, interpreting and applying the techniques to 
new problems will be extremely helpful to anyone interested in doing work 
with tissue cultures. It is published by the Jaques Cattell Press, Lancaster, 
Pennsylvania, at $3.75 per copy. While the book has 276 pages, the text 
occupies but 226 pages. The print is large and clear, the pages small, and 
one can read all of it in a few hours. It should find a place in every physi¬ 
ologist’s library. 

♦ Enzymes.—A good book on enzymes for the student and investigator 
comes from the Cornell University Biochemistry Department. It is entitled 
Chemistry and Methods of Enzymes, and the authors are Dr. James B. 
Sumner and Dr. G. Fred Somers. It is an excellent general survey, without 
too much detail. It is divided into four parts, the first of which is an 
introductory chapter on the general properties of enzymes. Part 2 is de¬ 
voted to the hydrolytic enzymes, seven chapters, as follows: Esterases; carbo- 
hydrases; enzymes of carbohydrate metabolism; nucleases; amidases; and 
proteolytic enzymes. Part 3 considers the oxidative enzymes. The chapter 
heaaings are: Oxidizing enzymes; the iron enzymes; the copper enzymes; 
dehydrogenases containing coenzymes 1 and 2; oxidases which transfer 
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hydrogen to cytochrome; the yellow enzymes; huclein deaminases; miscel¬ 
laneous oxidases; and desmolases. 

Part four discusses the following: Hydrases and mutases; and carbo¬ 
hydrate metabolism. There are author and subject indexes, also a short 
history of enzymes down to 1931, and a literature list just preceding the 
introduction. The history is told in less than thirty events which were 
milestones of progress during about 150 years. Each chapter is closed by 
a list of pertinent references. The reviewer is very favorably impressed 
with the work, and it ought to help clarify what has become a very difficult 
field if all of the details are considered. 

It is of modest size, only 365 pages, and the price per copy is $5.00. The 

publishers are Academic Press, Inc., 125 East 23rd St., New York, N. Y. 

* 

Vitamins and Hormones.—The first volume of an annual series on vita¬ 
mins and hormones bears this title. The editors are Dr. Robert S. Harris 
and Dr. Kenneth V. Thimann, of Harvard University. It bears a fore¬ 
word by Dr. E. V. McCollum of Johns Hopkins University. There are 10 
reviews, with the following titles and authors: Choline—chemistry and sig¬ 
nificance as a dietary factor, by C. H. Best and C. C. Lucas; the appraisal 
of nutritional states, by Norman Jolliffe and Rita M. Most; physical 
methods for the identification and assay of vitamins and hormones, by 
John P. Loofbourow; the chemical and physiological relationship between 
vitamins and amino acids, by H. H. Mitchell; the photoreceptor function 
of the carotenoids and vitamins A, by George Wald; the significance of the 
vitamin content of tissues, by Roger J. Williams; growth-factors for pro¬ 
tozoa, by Richard P. Hall ; physiology of anti-pernicious anemia material, 
by George R. Minot and Maurice B. Strauss; the intermediate metabolism 
of the sex hormones, by Gregory Pincus and William H. Pearlman; and 
the hormones of the adrenal cortex, by T. Reichstein and C. W. Shoppee. 

The work constitutes a review of certain aspects of biochemistry. Such 
works have become a necessity to the busy investigator, and for those work¬ 
ing on vitamins or hormones, or for those who desire technical information 
on the subjects covered. The value of the reviews depends upon the thor¬ 
oughness with which the ground is covered, and the skill of the reviewers 
in summarizing and interpreting the trends of research. This volume seems 
to have been carefully prepared, and we hope that the editors and publish¬ 
ers succeed in establishing the series as an annual service. 

This first volume contains 452 pages, and its list price is $6.50. The 
publishers are Academic Press, Inc., New York, N. Y. 

Annual Review of Biochemistry.—Volume XII of this annual is of 
more than usual interest to the plant physiologist because of the large num¬ 
ber of the reviews that fall more or less directly in the field of plant physiol¬ 
ogy. Naturally some of the reviews are in the animal field, but every 
physiologist finds it valuable to know something of both animal and plant 
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physiology* One cannot do justice to these fine reviews because of the 
number and variety of subjects covered. It is possible, however, to list them 
so that prospective purchasers will know the nature of the volume. There 
are 24 reviews, with the following titles and authors: Biological oxidations 
and reductions, by P. Lipmann; proteolytic enzymes, by R. M. Herriott; 
the steroids, by H. Sobotka and B. Bloch; the chemistry of the proteins 
and amino acids, section I by L. F. Hewitt, and section II by R. A. Kekwick 
and A. S. McFarlane ; the chemistry and metabolism of the compounds of 
sulphur, by J. C. Andrews ; carbohydrate metabolism, by H. J. Deuel, Jr. ; 
fat metabolism, by G. 0. Burr and R. H. Barnes ; the metabolism of pro¬ 
teins and amino acids, by H. Borsook and J. W. Dubnoff ; the chemistry of 
the carbohydrates, by H. S. Isbell; the chemistry of the lipins, by S. J. 
Thannhauser and G. Schmidt ; mineral nutrition, by L. A. Maynard and 
J. K. Loosli; the chemistry of the hormones, by H. Fraenkel-Conrat ; 
water-soluble vitamins, by R. J. Williams; fat-soluble vitamins, by K. 
Hickman ; nutrition, 1941 and 1942, by C. S. Langford and H. C. Sherman ; 
animal pigments, by C. Rimington; synthetic drugs, by T. C. Daniels; 
photosynthesis, by E. S. Johnston and J. E. Myers; mineral nutrition of 
plants, by D. I. Arnon ; carbon dioxide assimilation in heterotrophic organ¬ 
isms, by C. B. van Niel ; the electron microscope in biology, by L. Marton ; 
the chemistry of viruses, by C. L. Hoagland ; and microchemistry, by A. A. 
Benedetti-Pichler. The customary author and subject indexes close the 
volume. 

This series of volumes has been successful, no doubt beyond all anticipa¬ 
tion by the editors when they first projected the series. It has been growing 
in importance and value with the years, until now it constitutes the best 
source of information biochemists have aside from the original papers on 
which the reviews are based. The latter are frequently not available, and 
the reviews constitute an outstanding service to all investigators. If a 
worker in biochemistry could have but one series of volumes at his side, it 
should be a complete file of the Annual Review of Biochemistry. 

The price is still only $5.00, and orders for it should go to Annual Re¬ 
views, Inc., Stanford University P.O., California. 

Minor Elements.—The Fourth Supplement to the Third Edition of the 
well-known Bibliography of References to the Literature on the Minor Ele¬ 
ments and their Relation to Plant and Animal Nutrition has been published 
by the Chilean Nitrate Educational Bureau, Inc., under the direction of 
Herbert C. Brewer. It contains 92 pages, and is arranged in the same 
manner as previous supplements. More than half of the known elements 
are included, and some 900 or more authors have investigated the elements 
in connection with more than 100 crop plants. 

The value of this annotated bibliography to plant physiologists and agri¬ 
cultural workers has been amply demonstrated. It is the best example of 
bibliographic service we have, and is highly appreciated by students and 
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investigators alike. For copies, write to Herbert C. Brewer, Director, The 
Chilean Nitrate Educational Bureau, Inc., 120 Broadway, New York, N. Y. 

Evaporation and Transpiration.—Publication no. 550 of the Carnegie 
Institution of Washington, Washington, D. C., is entitled: Studies of Evapo¬ 
ration and Transpiration under Controlled Conditions . The author is 
Emmett Martin. It is a critical study of the quantitative aspects of evapo¬ 
ration and transpiration to test the adequacy of Leighly’s formula^hich 
was found to be inadequate. Using blotting-paper evaporimeters of various 
sizes and shapes, Martin has found that the rate of evaporation per unit 
area of surface varied directly with the square root of the wind velocity, 
inversely with the 0.3 power of the dimension parallel to the wind flow, and 
inversely with the 0.2 power of the dimension at right angles to wind flow. 

Studies were also made of the correlation between the rate of transpira¬ 
tion and relative humidity at three temperatures, 27°, 38°, and 49° C., with 
ample soil moisture. Young plants showed approximately linear relations ex¬ 
cept at 49°, at which temperature the rates at low relative humidities tended 
to run below the expected values. Older plants showed less transpiration 
at 27° than younger plants. At 38°, the rates were lower in older plants 
than young only when the humidities fell below 50 per cent. At 49°, the 
difference between old and young plants disappeared, presumably because 
of changes in the permeability of protoplasm conditioned by age and tem¬ 
perature. 

The effects of wind on transpiration rates increased with temperature 
increase, probably because of increasing cuticular transpiration. Wind 
velocity of 250 cm./see. at high temperatures and low relative humidities 
sometimes resulted in closure of stomata in less than 3 minutes. 

The author studied the ratios of nighttime to daytime transpiration 
rates, the temperature depression of leaves (20° maximum depression), the 
effects of radiation on the transpiration rate, the importance of leaf size, 
and the rate of energy exchange under different conditions. 

It is an interesting and valuable contribution to the dynamics of evapora¬ 
tion and transpiration, and the factors which modify plant behavior. Copies 
may be obtained from The Carnegie Institution of Washington, Washing¬ 
ton, D. C. 

Soil Science.— The Fundamentals of Soil Science is a text took on soil 
science by C. E. Millar and L. M. Turk, of the Michigan State College. It 
presents the basic principles of soil science in easily understood terms. It is 
practical, and broad. Other agricultural fields to which soil science con¬ 
tributes are brought into the discussion, and the general relations of soil to 
society are recognized. 

The development is fairly logical. The first chapter deals with soil 
development, the second with soil classification, and the thirdjvith the physi¬ 
cal and chemical properties of soils. Then the authors take uprsoil reaction, 
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lime and its uses, soil moisture, soil organisms, and soil organic matter. 
Following these chapters, cover and green manure crops, farm manures, 
and the nutrient requirements of plants are considered, and the soil amend¬ 
ments, fertilizers, fertilizer practices, and the maintenance of soil fertility 
and productivity of the soil. The remainder of the chapters are: Soils and 
agriculture of arid regions; irrigation; fruit soils; lawn soils; and soil 
resources. The reviewer considers it a very good survey of soil science at 
the present time, and recommends it to students and instructors. It is a 
considerable improvement over many an older text. 

The publishers are John Wiley and Sons, Inc., New York, N. Y., who 
quote the price of the volume at $3.75. With index it contains 462 pages; 
it is illustrated with 78 figures. A glossary is provided for those who are 
unfamiliar with the terms used. 

Annual Review of Physiology.—The fifth volume of the Annual Review 
of Physiology contains 24 reviews, two of which are in two parts, so that 
there are really 26. They deal almost exclusively with animal physiology, 
although such reviews as those by C. V. Taylor on the physical aspects of 
protoplasm, and by J. Schultz on physiological aspects of genetics are cer¬ 
tainly of more general interest. In addition to these topics, we note reviews 
dealing with the physiological and pathological aspects of ultraviolet radia¬ 
tion; developmental physiology; physiology of bone; energy metabolism; 
the respiratory system; muscle; the digestive system; blood; the lymphatic 
system; heart; nerve and synaptic transmission; visceral functions of the 
nervous system; temperature regulation; liver and bile; sense organs, (I) 
vision; (II) special senses other than vision; metabolic functions of the 
endocrine system; physiology of mammalian semen; endocrinology of repro- 
duction^^hysiological psychology, (I) the functional psychoses; (II) 
physiological correlates of behavior; and biological assay. There is an 
author index, and a subject index, as usual. 

The reviews are prepared by experts in the respective fields, and under 
the present disturbed world conditions it is remarkable that the authors 
can do as well asjyhey do. This annual review is serving the field of physi¬ 
ology admirablyi*4|d it deserves the support of those who need the sum¬ 
maries, a^C4hat includes the physiological and medical fraternity gen¬ 
erally. 

The price of the Annual Review of Physiology is $5.00 per copy. It con¬ 
tains 612 pages, and copies may be ordered from Annual Reviews, Inc., 
Stanford University P.O., California. 
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A NEW TYPE OF INTERMITTENTLY-IRRIGATED SAND 
CULTURE EQUIPMENT' 

r g h Cr. • G a v c n and Cecil H . Wadleigh 
(with two figures) 

A t) pe of sand culture apparatus with automatic flushing suitable for the 
growth of small plants in the greenhouse has recently been described by 
Eaton . 2 This apparatus fulfills certain conditions necessary in the culture 
of plants on saline nutrient substrates. By means of frequent irrigations 



witJi an excess of solution, the salt content of the solution in the root zone 
does not become unduly concentrated as a result of continued water absorp¬ 
tion and of evaporation from the surface of the sand. 

The present discussion deals with a similar type of greenhouse sand 
culture equipment of larger dimensions—five times the volura^pf sand and 

1 Contribution from the U. S. Regional Salinity Laboratory, Bureau of Plant In¬ 
dustry, Soils and Agricultural Engineering, Agricultural Research Administration, U. 8. 
Department of Agriculture, Riverside, California. 

2 E\ton, Frank M. Plant culture equipment. Plant Physiol. 16: 385-392. 1941. 
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twice the volume of nutrient solution—and possessing the advantage that 
most of the necessary equipment is readily available or easily obtainable 
under normal conditions. This apparatus has proved successful for growing 
strawberry and Ladino clovers, alfalfa (fig. 1), beans, flax, and guayule. 
The size of the sand crock and solution reservoir is amply sufficient, how¬ 
ever, for the growth of a mature tomato plant. Very little manual atten¬ 
tion is required, and the apparatus has proved relatively trouble-free 
operation. 

The method of irrigation in this apparatus is very similar to tin 
various large-scale beds used for commercial or research purposes, 
difficulty with such beds, however, is that for research purposes the bed ' 
the statistical unit. Replication is limited, and therefore there is not t* 
degree of statistical precision obtainable with the individual culture units 
herein described. 


Description and operation of apparatus 

Each unit is composed of the following main items: A 5-gallon glazed 
crock (34) : * filled with sand (35) 4 in which the plant or plants are grown 
and a 5-gallon glazed crock (21) to serve as the solution reservoir; a half¬ 
gallon glass jug (14) which delivers two quarts of nutrient solution to the 
plants at each irrigation; a check valve (24) to control the direction of flow 
of solutions; and a compressed air-line (5). 

At hourly, or other selected intervals, compressed air is delivered to the 
glass jug forcing the solution up through the effluent tube (19, 33) to the top 
of the sand culture and out through the holes in the aluminum ring (29). 
This pressure on the solution in the jug and in the refill tube (13) forces the 
glass bead (25) to the bottom of the valve (24) where it forms a seal against 
the rubber tubing (26) and prevents the escape of solution back into the 
reservoir (21) during the irrigation. After a lapse of time sufficient for 
emptying the half-gallon bottle (approximately 2 minutes), the solenoid 
valve in the air supply line closes, and simultaneously another solenoid 
valve on the end of a “T” in the system air-line opens, thus relieving the 
pressure in the air-line (5). At this time solution flows by force of gravity 
from the reservoir to refill the jug. 

The excess of solution delivered to the sand culture returns through a 
drain tube (18) to the reservoir (21). 

Each unit has 26 liters of solution of which approximately 6 liters are 
retained by the sand, 2 liters in the jug, and approximately 18 liters in the 
reservoir. By noting the original level of solution in the reservoir, the 
volume of solution is maintained by the addition of distilled water. 

» Numbers in parentheses refer to number-labels in figure 2. 

* The i^and should be of a degree of fineness which will prevent too rapid a rate of 
percolation of water through the sand, since it is desirable to have a sheet of water de¬ 
veloped dver the surface of the sand at each irrigation. Sand of the following composi¬ 
tion has given satisfactory results in our work: not less than 85 per cent, by weight to 
pass a 20-mesh screen and be retained on a 100-mesh screen. 
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Description of parts shown in figure 2 

A. Glass bead cheek valve. 

1. Rubber tubing sealed to the glass tube (2) with Automotive Bond 
Cement. The lower end of the rubber tubing is serrated to prevent 
formation of a seal when the glass bead rises to the top of the valve 
during refilling of the jug. 

2. 10-mm. O.D. glass tubing, 3| inches in length. 

3. Glass bead, 4 mm. in diameter. 

4. Rubber tubing sealed to the glass tubing (2) with Automotive Bond 
Cement. By means of a hot, metal ball bearing, a seat for the glass 
bead is seared into the upper end of this piece of rubber tubing. 
After cooling, the excess melted rubber may be removed by use of 
benzine or other suitable solvent, and then the surface should be 
thoroughly dusted with talc. 

B. Sand culture apparatus. 

5. galvanized iron pipe which serves as the air-supply line for each 
group of 10 cultures (see also fig. 1). 

6. I" copper tubing outlet from main air-line pipe. 

7. 0, 11, 22, 27, 32, 36. Rubber tubing connections. 

8. Two-inch piece of J-mni. capillary tubing, selected for uniformity, 
to serve as a modulator of the air-supplv, and thereby ensure uni¬ 
form air-pressure to all cultures. 

10. 3-nmi. O.D. glass tubing. 

12. Wooden plank, 1" x 14" \ 8]', with 2\" holes approximately 20 
inches apart. 

13. 18, 19, 33. 5-miii. O.D. glass tubing. 

14. One-half gallon glass jug. 

15. No. 6 long-taper rubber stopper. (This stopper should be anchored 
in place by a light wire brace extending over stopper and threaded 
through the handle of the jug.) 

16. 39. No. 3 rubber stopper. 

17. Wooden skid, 2" * 2" > 81'. 

20. Culture solution. 

21, 34. 5-gallon glazed crock. 

23, 24, 25, 26. “A-l. -2, -3. -4,” respectively. 

29. Soft aluminum tubing (/}.") to form a complete ring with the ex¬ 
ception of the arms of the glass T-tube (31) and the rubber tubing 
connections. 

30. 1 ''32" outlet hole in the tube. These holes should be spaced about 
1J" apart on the inner surface of the ring (*>., toward center of 
crock) and slightly below center so that the solution will be di¬ 
rected downward at about a 45° angle. 

31. Glass T-tube. 

35. Fine quartz sand (see footnote no. 4). 
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37. Quartz rock. 

38. Wire screen or gauze, 2" x 2", with a notch or a hole to accommo¬ 
date the upright solution-delivery tube (33). 

Substitutions: For all “rubber tubing conneetions ,, (?.e., 7, 9, 11, 22, 
27, 32,36) windshield wiper hose (doth inserted rubber) may be substituted 
Additional features of this type of hose: Heat resistant; oil resistant; r 
forced side walls; kink-proof; and long life. 

Saran tubing may be substituted for the soft, aluminum tubing (?' 



Fig. 2. Cross section view of sand culture apparatus. (Description in text.) 

Source and control of the compressed air 

For operating 100 cultures by this method, one should have a source of 
compressed air which delivers 6 ou. ft. of air per minute at 5 to 7 lb. pressure 
per square inch. If a source of compressed air is already available but the 
pressure is in excess of 5 to 7 lb. per square inch, a pressure-control dia¬ 
phragm valve which will reduce the pressure to the desired level is necessary. 
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Time switches regulate the time at which this air-delivery valve opens and 
the length of time it remains open. The following time switches are suitable: 

1. An interval time switch. —An interval time switch can be used alone 
without a master switch (2, below) if the cultures are to be irrigated each 
hour throughout a 24-hour period. This type of timer makes a complete 
-v»ie every 60 minutes. The duration of the “on” period can be set for any 
‘*,&tion of the 60-minute period. In this switch two circuits are involved— 

one being “on” while the other is simultaneously “off,” and vice versa, 
compressed air is permitted to flow into the line for three minutes 

^ the “on” period of one circuit, then subsequently the solenoid valve 
which reduces the pressure to atmospheric pressure will be activated and 
held open for the remainder of the hour (57 minutes) by the other circuit. 

2. Master switch. —This switch is connected with the interval time 
switch (1, above) in such a way that the circuit to the solenoid valve con¬ 
trolling the air supply is completed only during the “on” period of both 
time switches. The “on” and “off” pins on the 24-hour dial of the master 
switch cannot be inserted nearer together than every 15 minutes. This switch 
is thus used only to limit the irrigations to selected hours, and the interval 
time switch determines the length of time during which there will be com¬ 
pressed air in the air-line (5). 

If there is no present available source of compressed air, a small dia¬ 
phragm compressor may be used; then the time switches control the motor 
on the compressor instead of the solenoid valve on a main air-snpplv line. 

Solution change or solution renewal 

Certain small diaphragm compressors, such as are used for paint-spraying 
outfits, may be used to produce a vacuum instead of a pressure by fixing 
a hose connection on the air-intake. This vacuum may be conducted to a 
5-gallon carboy and a second hose from the carboy used to remove the 18 
liters of solution in the reservoir. 

Control of algal growth 

All external glass tubing (except the valve) should be painted black. 
It is preferable to wrap the valve with black friction tape so that one may 
easily check on the functioning of the valve. A heavy paper bag, sprayed 
inside and out with black paint, should be tied around the glass jug (see 
figr. 1). 

After the seedlings have attained sufficient size, a one-half to one-inch 
layer of quartz rock may be added over the surface of the sand. These larger 
particles dry thoroughly between irrigations and the growth of algae on the 
surface is thus prevented or greatly inhibited. 

In order to inhibit the growth of algae in the reservoir, a covering 
is laid over the hole in the plank through which the drain tube (18) passes 
(see fig. 1). 

U. 8. Regional Salinity Laboratory 
Riverside, California 



A BIOCHEMICAL STUDY OF CURING PROCESSES 
IN SWEET POTATOES 1 


Peter H. Hiinze and C. 0. Appleman 

Introduction 

i 

If sweet potatoes are to be stored for any length of time they l 
subjected immediately after digging to a suitable combination of tc t 
ture and humidity for effective curing of the roots. The physiology of 
ing is imperfectly understood because of our limited information of the 
essential chemical changes in the roots during curing. Previous studies 
have been confined chiefly to carbohydrate transformations and respiration. 
The rate of respiration decreases over that of freshly harvested potatoes 
( 1 , 5 ). Both sucrose and reducing sugars accumulate at the expense of the 
starch ( 1 , 3 , 4 ). The percentage of moisture changes very little regardle, s 
of the amount of shrinkage by loss of water ( 3 , 5 ). The pH data for ex¬ 
pressed juice do not give anv significant information on the curing process 

(5). 

The present investigation has been concerned with the nitrogen metab¬ 
olism and pectic transformations in Maryland Golden Sweet Potatoes dur¬ 
ing curing under different combinations of temperature and humidity and 
also during subsequent storage under favorable conditions. The keeping 
qualities of the sweet potatoes cured under the different conditions were 
recorded in order to determine the relationship of the nitrogen metabolism 
and pectic changes in the roots during curing to their keeping qualities in 
storage. The results are also of general physiological interest in relation to 
the effect of temperature and humidity on nitrogen distribution in fleshy 
roots. 

The sweet potatoes for the experimental lots were carefully gathered in 
the field and placed under experimental conditions the day following their 
harvest. The lots were cured for 10 or 11 days under the different com¬ 
binations of temperature and humidity indicated in the tables. All of the 
lots at the end of the curing period were stored for four months in an elec¬ 
tric refrigerator especially equipped to give the desired temperature con¬ 
trol. All the lots w'ere stored at 50° to 53° F. and 50 to 60 per cent, relative 
humidity. Analyses were made at intervals during the curing and storage 
periods. 

Analytical methods 

Sampling and determination of moisture. —Six representative sweet 
potatoes were ground in a Nixtamal mill, and after thorough mixing, 
samples of the fresh pulp were weighed out for moisture, pectins, and nitrog- 

i Scientific Article no. A51, Contribution no. 1881 of the Maryland Agricultural Ex¬ 
periment Station (Department of Botany). 
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enous constituents. To determine moisture, abbut 5 gm. of pulp were 
dried to constant weight at 80° C. in a vacuum of 30 inches of mercury. 

Total pectin. —Duplicate samples of 50 gm. of the freshly ground pulp 
were weighed into counterpoised Erlenmeyer flasks and covered with 260 
1. of hot 95 per cent, alcohol. After the storage alcohol had been removed 
filtration the samples were washed with alcohol and ether, dried at 60° C. 
a vacuum oven, and ground to pass a 60-mesh sieve. A 2-gm. sample of 
tne i material was placed in a 500-ml. Erlenmeyer flask, covered with 
of 0.5 per cent, ammonium citrate solution, and boiled very gently 
minutes. The solutions were filtered into a 500-ml. volumetric flask, 
.e pulp was washed with warm water, returned to the Erlenmeyer flask 
with 100 ml. of N/30 hydrochloric acid, and refluxed gently for one hour. 
The material was again filtered and washed with warm water. The filtrates 
were combined, made to volume, and the pectic materials precipitated from 
an aliquot as calcium pectate as described by Carr£-Haynes ( 2 ). The 
c* lcium pectate gels were found to contain impurities which were largely 
roteinaeeous. The amount of impurities was estimated by determining 
the nitrogen content of a portion of the dried precipitate by the micro- 
Kjeldahl method and by calculating the protein content by use of the usual 
conversion factor, 6.25. This value was subtracted from the weight of the 
original precipitate to give the amount of calcium pectate. 

Soluble pectin. —Four grams of the dried plant sample were trans¬ 
ferred to a one-liter bottle with 500 ml. of 0.2 per cent, ammonium citrate 
solution. After shaking for one hour on a mechanical shaker the solution 
was filtered and a 200-ml. aliquot taken for the determination of the soluble 
pectic materials, which were determined as described for total pectic 
material. 

Protopectin. —The percentage of protopeetin was calculated by sub¬ 
tracting the percentage of soluble pectin from the percentage of total pectin. 

Total nitrogen. —Portions of the fresh pulp of approximately 5 gm. 
each were used for total nitrogen by the usual Kjeldahl method. Since no 
nitrates could be detected the modification to include nitrates was omitted. 

Extraction of non-protein nitrogen.— A sample of 100 gm. of the 
freshly ground pulp was placed in a mortar and a small quantity of acid 
washed quartz sand added. The pulp was thoroughly triturated and after 
the gradual addition of 20 ml. of water the mixture was transferred onto a 
square of buck toweling suspended over a 2-liter beaker and the extract 
expressed by hand. The residue was returned to the mortar and the extrac¬ 
tion repeated two additional times. The extract was centrifuged to remove 
as much starch as possible. It was heated to boiling, a few ml. of 5 per cent. 
Fe s O a solution w r ere added, and the boiling continued for approximately 2 
minutes. The solution was filtered in a Buchner funnel containing an 
asbestos mat. The beaker and the mat were thoroughly washed with hot 
water. The filtrate was made to a volume of 1000 ml. and preserved with 
toluene when not analyzed immediately. 
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Total non-protein nitrogen. —Aliquots of the nou-protein filtn*' 
analyzed as described for total nitrogen. 

Total alpha-amino nitrogen.— A special preliminary procedur^, 
fected by Stuart and Appleman (7) was adopted to eliminate erryi^, 
occur in the usual Van Slvke procedure. Aliquots of 10 ml. each ib'* 
for the determination of total alpha-amino nitrogen in the Van S^ 
ratus. The volume of the gaseous nitrogen was reduced to stance 
tions and the proper corrections made for the blank determinations. 

Basic nitrogen. —Aliquots of 100 ml. of the non-protein extrtt^ 
acidified with 2.5 ml. of concentrated sulphuric acid. When cooleif 
temperature, 30 ml. of phosphotungstic acid solution (20 gm. \ 
tungstic acid and 5 gm. of sulphuric acid made to 100 ml. of solutj 
added. After standing for 24 hours in a refrigerator, the soluti 
filtered and the precipitates washed thoroughly with a dilute solU > 
phosphotungstic acid, containing 2.5 gm. of phosphotungstic acid and 
of sulphuric acid per 100 ml. of solution. The filter paper and the precij 
fates were transferred to a Kjeldahl flask and digested as for total nitrog 
The ammonia was distilled into 0.01 N acid and the excess acid titrated wim 
0.01 N base. 

Non-amino nitrogen. —The filtrates from the basic nitrogen samples 
were neutralized with concentrated sodium hydroxide. The solution was 
then subjected to the distillation treatment and the mono-amino nitrogen 
was determined in the Van Slyke apparatus. 

Amide nitrogen. —Aliquots of 50 ml. of the non-protein extract were 
hydrolyzed under reflux condensers with 3 ml. of concentrated sulphuric 
acid in a boiling water bath for 2.5 hours. The solutions were filtrated, the 
residue washed with a few ml. of dilute sulphuric acid, and the filtrate neu¬ 
tralized with sodium hydroxide. The ammonia was determined by the 
Sessions and SniVE method (6). 

Humin nitrogen.— The residues filtered off following the amide hydrol¬ 
ysis were placed in a Kjeldahl flask and digested as for total nitrogen and 
the ammonia distillation was carried out as for basic nitrogen. 

Residual nitrogen. —The residual nitrogen was determined by finding 
the difference between the total non-protein nitrogen and the sum of the 
determined soluble nitrogen fractions. In the lots cured at 86° and 95° F. 
with low humidity, the residual nitrogen represents the difference between 
the total non-protein nitrogen and the sum of the total alpha-amino, amide, 
and ammonia nitrogen. In all other lots it represents the difference be¬ 
tween the total non-protein nitrogen and the sum of the mono-amino, amide, 
basic, ammonia, and humin nitrogen. 

Since there was considerable loss in total weight of sweet potatoes during 
curing and storage, all of the results are presented as percentages of the 
fresh weight at the time of harvest in order to have the percentages reveal 
actual changes in the constituents determined. 
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Results 

Changes in pectic substances 

changes in the pectic substances during curing and storage are 
: n table I. 

TABLE I 

j THE PECTIC CONSTITUENTS IN SWEET POTATOES DURING CURING AND STORAGE. 

* * The results are expressed as percentages of fresh weight 

AT HARVEST TIME 

^ENT | 

Date of analysis | 

Soluble pectin 

| Protopeutin 


(Mired at 86' 

3 F. a 

nd low humidity 





% 

% 

period 1 

Oct. 12 


0.399 

0.409 

Oct. 22 


0.326 

0.532 


Cured at 86° F. 

. and 1 

SO to 85% humidity 


Curing period 

Oct. 7 


0.426 

0.350 

Oct. 13 


0.428 

0.375 


Oct. 18 


0.574 ! 

1 0.302 

Storage period 

Nov. 24 


0.535 

0.411 

Jan. 1 


0.298 

0.639 


Feb. 22 

! 

0.339 

0.654 


Cured at 86° F. 

and fl 

►5 to 100% humidity 


Curing period 

Oct. 7 


| 0.426 

0.350 

Oct. 18 


1 0.538 

0.309 

Storage period 

Nov. 24 


| 0.465 

0.548 


Feb. 22 

1 

0.372 

0.717 


(Mired at 93 

° F. and low humidity 


Curing period 

1 Oct. 12 


| 0.399 1 

| 0.409 


1 Oct. 22 


| 0.425 j 

0.551 


(Mired at 104° F 

\ and 

70 to 75% humidity 


(Miring period 1 

Oct. 7 


0.426 

| 0.350 

Oct. 13 


0.445 

1 0.465 


Oct. 3 8 

: 

0.582 

| 0.294 

Storage period 

Nov. 24 


0.458 

j 0.377 

Jail. 1 


0.252 

1 0.670 

| 

Feb. 22 


0.302 

j 0.759 


Cured at 104° F 

\ and 

90 to 95% humidity 


(Miring period 

Oct. 7 


| 0.426 

0.350 


Oct. 13 


1 0.442 

0.414 


Oct. 18 


0.598 

0.255 

Storage period ! 

Nov. 24 


j 0.483 

0.554 

In all of the lots except the one cured at 86° F. and low humidity, the 
percentage of soluble pectin in the sweet potatoes increased during curing. 
The protopeetin showed a corresponding decrease. The rate of this trans¬ 
formation was somewhat greater at the higher temperatures. At the stor¬ 
age temperature the protopectin increased again while the pectin decreased. 
Some of the increase in protopectin was due to an actual increase in the total 
pectic substances. This storage synthesis of protopeetin continued in the 
roots as long as they remained alive and sound. 
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Nitrogen metabolism 

In table II are shown the changes in the nitrogenous fractions in swe^* 
potatoes during curing and storage. At the time of harvest the totA! 

TABLE II 

Changes in the distribution of nitrogen in sweet potatoes during cuRr 
storage. Results are expressed as percentages of fresii 
weight at harvest time 


Treat¬ 

ment 


Date of 
analysis 

Total 

N 

Pro¬ 

tein 

N 

Non- 

pro¬ 

tein 

,N 

Alpha 

amino 

N 

Amide 

N 

Ba 


Cured at 86° F. and low humidity 




% 

% 

% 

% 

1 % 

% 

% 

Curing 

Oct. 12 

0.217 

0.145 

1 0.072 

0.047 

1 0.008 

0.010 

0.016 

period 

Oct. 22 

0.223 

0.139 

1 0.084 

0.044 

0.006 

0.014 

0.032 

Storage 

Nov. 23 

0.235 

0.148 

0.087 

0.028 

0.009 

0.020 

0.04 

period 

Dec. 31 

0.210 

0.131 

0.079 

0.024 

0.015 

0.017 

I 0.03 



Cured at 86° F., 

and 80 to 

85% humidity 



Curing 

Oct. 7 

0.190 

0.149 

0.041 

0.029 

0.0015 

0.008 

0.012 

period 

Oct. 13 

0.187 

0.143 

0.044 

0.041 

0.0021 

0.009 

0.011 


Oct. 18 

0.162 

0.116 

0.046 

0.025 

0.0033 

0.008 

0.017 

Storage 

Nov. 24 

0.157 

0.102 

0.055 

0.030 

0.0029 

0.014 

0.015 

period 

Jan. 1 

0.145 

0.098 

0.047 

0.026 

0.0025 

0.016 

1 0.008 


Feb. 22 

0.177 

0.099 

0.078 

0.043 

0.0063 

0.016 

, 0.026 



Cured at 86° F. and 95 to 

100% hui 

tnidity 



Curing 

Oct. 7 

0.190 

0.149 

l 0.041 

0.029 

0.0015 

0.008 

0.012 

period 

Oct. 18 

0.189 

0.132 

0.057 

0.030 

0.0036 

0.013 | 

0.020 

Storage 

Nov. 24 

0.184 

0.127 

i 0.057 

0.034 

0.0040 1 

0.011 J 

0.011 

period 

Feb. 22 

0.162 

0.113 

' 0.049 

0.026 

0.0026 

0.024 1 

0.002 



Cured at 95° F. and low humidity 



Curing 

Oct. 12 

0.217 

0.145 

0.072 1 

0.047 

0.008 

0.010 

0.016 

period 

Oct. 22 

0.250 

0.150 

0.100 | 

0.061 

0.002 

0.022 

0.036 

Storage 

Dec. 10 

0.207 

0.113 

0.094 , 

0.025 

0.016 

0.017 

0.051 

period 

Feb. 10 

0.208 

I 0.118 

0.120 1 

0.013 

0.025 

0.022 

0.090 



Cured at 104° F. 

and 70 to 

i 75% humidity 



Curing 

Oct. 7 

0.190 

0.149 

0.041 

0.029 

0.0015 

0.008 1 

0.012 

period 

Oct. 13 

0.159 

0.095 

0.064 

0.049 

0.0049 

0.008 , 

0.013 


Oct. 18 

0.175 

0.088 

0.087 

0.058 

0.0086 

0.013 i 

0.019 

Storage 

Nov. 24 

0.185 

0.109 

0.076 

0.040 

0.0117 

0.015 , 

0.017 

period 

Jan. 1 

0.176 

0.089 

0.087 

0.048 

0.0071 i 

0.022 

0.013 


Feb. 22 

0.178 

0.083 

0.095 

0.049 

0.0158 

0.020 1 

0.022 


Cured at 104° F. and 90 to 95% humidity 


Curing 

Oct. 7 

0.190 

0.149 

0.041 

0.029 

0.0015 

0.008 

0.012 

period 

Oct. 18 

0.141 

0.056 

0.085 

0.155 

0.0084 

0.013 

0.018 

Storage 

Nov. 24 

0.164 

0.091 

0.073 

0.041 

0.0089 

0.013 

0.018 

period 

Feb. 22 

0.170 

0.057 

0.103 

0.051 

__ 

0.0169 

0.020 

0.022 


organic nitrogen in the roots averaged only 0.2 per cent, of the fresh weight, 
or 0.8 per cent, of the total solids. The non-protein nitrogen in the roots 
at harvest time in percentage of total nitrogen was 21.58 per cent, .in one 








HEINZE AND APPLEMAN : CURING PROCESSES IN SWEET POTATOES 553 


op and 33.18 in another crop. The non-protein nitrogen increased in all 
ts during curing. At the same time the protein nitrogen decreased, indi¬ 
cting protein hydrolysis during curing. The rate of hydrolysis was some- 
i ^gher at the higher curing temperatures. There were consistent 
es in the basic and residual nitrogen at all curing temperatures, but 
At increases in the amino and amide nitrogen occurred only at high 
emperature. 

nitrogen distribution in the sweet potatoes during storage at 50° 
< remained fairly stable during most of the storage period but there 
fiite evidence of slight protein hydrolysis near the end of the storage 
, especially in the lots cured at the highest temperature. The slight 
»s in the amino nitrogen during the entire storage period are of doubt- 

TABLE III 

Distribution of nitrogen in the proximal and distal halves of sweet potatoes. 

Results are expressed as percentages of the fresh weight 
at the time of analysis 


Harvest sample, October 7 



Moisture 

; 

Total 

N 

Non¬ 

protein 

N 

Alpha 
amino N 

' Amide | 

N i 

Basic j 
N 

Residual 

N 


% 

% 

% 

% 

% i 

% ' 

% 

Proximal 

half 

75.68 

0.187 

0.044 

0.020 

0.003 

0.010 

0.017 

Distal 

half 

75.60 

0.181 

0.044 

1 0.019 

i 

0.003 

0.010 

0.018 


Potatoes cured and stored until November 27 



Proximal 

half 

73.84 ! 

0.178 

0.062 

0.036 

0.008 

0.010 

0.025 

Distal 

half 

1 

73.81 j 

0.172 

0.054 | 

j 0.032 

0.007 

0.013 

0.013 


fill significance but the amide, basic, and residual nitrogens showed signifi¬ 
cant increases in most lots near the end of the storage period. These nitro¬ 
gen fractions were also calculated as percentages of total nitrogen and these 
percentages definitely confirm the changes indicated in table II. The 
ammonia and humin nitrogens were determined but the results are not 
included in the tables as the amounts were very small and they showed no 
definite trends during curing or storage. The mono-amino acid nitrogen 
is not included in the tables as the changes in this fraction correspond almost 
exactly with those of the alpha amino acid, the absolute quantities are less 
by the alpha amino nitrogen in the basic fraction. 

Distribution of nitrogenous compounds in the proximal and distal 

ENDS OF THE SWEET POTATO 

Analyses were made of the proximal and distal halves of the harvest 
sample and of potatoes that had been in storage for six weeks. The samples 
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were extracted on the dates indicated in the table. The non-protein nitro¬ 
gen solution was preserved with toluene, stored at room temperature, and 
analyzed on February 9. The results are given in table ITI. 

The proximal half showed a slightly higher total nitrogen content. The 
variations were so small that it may be concluded there is no apparent di** 
ence in the nitrogen distribution in the proximal and distal halve of 
sweet potato. 

Summary 

A study was made of the nitrogen metabolism and the peetic transfor* .- 
tions in Maryland Golden Sweet Potatoes during curing under differen' 
combinations of temperature and 'humidity and also during subseqm 
storage. 

The soluble pectin in the sweet potatoes increased during curing. T1 
protopectin showed a corresponding decrease. An increase in the total 
pectic material occurred in all lots. 

At the storage temperature the protopectin increased again while the 
pectin decreased. Some of the increase in protopectin was due to an actual 
increase of the total pectic substances. This storage synthesis of proto¬ 
pectin continued in the roots as long as they remained alive and sound. 

The non-protein nitrogen in the sweet potatoes at harvest time ranged 
from 22 to 33 per cent, of the total nitrogen. Under all of the curing condi¬ 
tions the non-protein nitrogen increased and the protein nitrogen decreased 
indicating protein hydrolysis. The rate of this hydrolysis was somewhat 
higher at the higher curing temperatures. Fairly consistent increases in 
basic, amide, and residual nitrogen occurred in all lots but a consistent 
increase in amino nitrogen occurred only in those lots cured at the high 
temperatures of 95° and 104° F. 

The nitrogen distribution in the sweet potatoes during storage at 50° to 
53° F. remained fairly stable during most of the storage period. The 
amide, basic, and residual nitrogens increased slightly in most lots near the 
end of the storage period. 

There was no apparent difference in the nitrogen distribution in the 
proximal and distal halves of the Maryland Golden Sweet Potato. 

A temperature of 86° F. for curing the Maryland Golden Sweet Potato, 
gave the best results in storage. Higher temperatures were unsuitable 
because of internal break-down during curing. At 86° F. a high relative 
humidity was the decisive factor for effective curing of this variety, but 
there was no conclusive evidence that humidity had any effect on the nitro¬ 
gen metabolism in the roots during curing. 

The curing of sweet potatoes appears to involve a number of interrelated 
internal processes. Studies to date do not reveal any one outstanding 
essential change in the potatoes during curing. 

Tihs Maryland Agricultural Experiment Station 
College Park, Maryland 



HEINZE AND APPLE MAN: CURING PROCESSES IN SWEET POTATOES 555 

I 

LITERATURE CITED 

1. Appleman, C. 0., and Smith, 0. L. Effect of previous cold storage on 
the respiration of vegetables at higher temperatures. Jour. Agr. 
Res. 53: 557-580. 1937. 

arr6, M. H., and Haynes, D. The estimation of pectin as calcium pec- 
tate and the application of this method to the determination of 
soluble pectin in apples. Bioehem. Jour. 16 : 60-69. 1922. 
Hasselbring, Heinrich, and Hawkins, L. A. Physiological changes in 
sweet potatoes during storage. Jour. Agr. Res. 3: 331-342. 1915. 

-, and Hawkins, L. A. Carbohydrate transformations in 

* sweet potatoes. Jour. Agr. Res. 5 : 543-560. 1915. 

Johnstone, George R. Physiological study of two varieties of Ipomoca 
batatvs. Bot. Gaz. 80 : 145-165. 1925. 

6. Sessions, A. C\, and Siiive, J. W. A method for the determination of 

inorganic nitrogen in plant extracts. Plant Physiol. 3: 499-511. 
1928. 

7. Stuart, N. W., and Appleman, C. O. Nitrogenous metabolism in Irish 

potatoes during storage. Maryland Agr. Exp. Sta. Bull. 372. 
1935. 



SOME EFFECTS OF SODIUM SALTS ON THE GROWTH 
OF THE TOMATO 1 


H. E. Hayward and E. M. Long 
(with six figures) 

Introduction 

In a previous study (6) the influence of high osmotic concentration 
sodium salts and nutrient solutions upon the vegetative development < 
tomato was reported, but no data were obtained on the fruiting resp 
To investigate this problem, to obtain further information on the relative t- 
icity of the Cl' and S0 4 = ions, and the effect of osmotic concentration, exp* 
ments were set up to determine the response of tomato plants to soo 
chloride and sodium sulphate when supplied together in different propoi 
tions and at several levels of total concentration. 

Experimental procedure and methods 

Marglobe tomatoes were grown under greenhouse conditions in automati¬ 
cally irrigated sand cultures of the type designed by Eaton ( 2 ). Two series 
of five treatments each were set up with three replications. The ti*eatments 
were: Base nutrient solution (control); and base nutrient • 40, 80, 120, and 


TABLE I 

Constitution of culture solutions 


Series 

Treat- 

1 Osmotic 



Salts 



AND 

CULTURE 

ment 

conc. 

1 .. . . 

Ca(NO,) s 

KXO, 

MgSO, 

khpo 4 

NaCl 

Na,S0 4 


m.e. Na/l. 

1 atm. 

m.e./I. 

m.e./l. 

m.e./I. 

m.e./l. 

m.e./l. 

m.i ./I. 

A&B-l 

Control 

1.6 

14.4 

14.4 

14.4 

1.8 



A-2 

40 

2.9 

< t 

i t 

< i 

i t 

10 

30 

A-3 

80 

4.1 

i i 


i ( 

(t 

20 

60 

A-4 

120 

5.3 

(< 


t ( 

t i 

30 

90 

A-5 

160 

6.4 

t i 

11 

11 

i i 

40 

120 

B-2 

40 

3.2 

tt 



i t 

30 

, 10 

B-3 

80 

4.6 

11 

11 

‘ { \ 

11 

60 

1 20 

B-4 

120 

6.1 

t i 

< t 


i ( 

90 

30 

B-5 

160 

7.7 

< t 

| 

i < 

i * 

120 

l_ 40 _ 


Micro-nutrients: B, 1 p.p.m.; Zn, 0.1 p.p.m.; Mo, 0.1 p.p.m.; Mn, 0.4 p.p.m.; Cn, 
0.01 p.p.m.; Fe, 5 p.p.m., supplied as iron citrate. 


Analysis of Riverside tap water, m.e./I. 


Ca 

Mg 

Na 

K 

Cl 

S0 4 

HCO, 

1.40 

0.23 

1.51 

0.05 

0.45 

0.75 

2.50 


---- 

i Contribution from the U.8. Regional Salinity Laboratory, Bureau of Plant Industry, 
Soils, and Agricultural Engineering, Riverside, California in cooperation with the eleven 
western states and the Territory of Hawaii. 
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1 111 ! 

— . _ ■ 5% —jH _ M 

Fig. 1 . Growth response to treatment with sodium salts. A. Series A (high sul¬ 
phate treatments); B. Series B (high chloride treatments). The osmotic concentration 
for each sodium treatment is shown in figure 6. Photographed five weeks before the final 
harvest, 

AH cultures were started with the base nutrient solution; and, after the 
seedlings were well established, sodium salts were added by 20-rn.e. incre¬ 
ments at two-day intervals to bring the respective treatments to full concen¬ 
tration. Seven changes of the solutions were made during the course of the 
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experiment to maintain the osmotic concentration within a 0.5 atm. range 
and to keep the nutrient ions above deficiency levels. The H-ion concentra¬ 
tion was adjusted daily to a pH of 7.0 with HN0 3 . The volume of the cul¬ 
ture solutions was maintained by the addition of tap water daily, or twice 
daily when transpiration was high. 

Planting, thinning, and harvest dates 

The seeds were planted July 8, 1940, and six plants per culture were 
maintained until August 6, when four were harvested. On August 28, one 
of the plants was harvested, and the remaining one was carried to the final 
harvest on November 8. To conserve space and permit a better analysis of 
flowering and fruit development, 'the vines were pruned to single stems 

(fig. i). 

TABLE II 


Fresh and dry weights, percentage of dry matter, \nd osmotic concentration of 

EXPRESSED .JUICE OF VINES 


Series 

Treat¬ 

ment 


Harvesi 

?, 8-28—40 

F] 

[NAL HARVEST, 11-8- 

40 

AND 

CULTURE 

Height 

Fresh 

wt.* 

Osmotic 

tK)NC. 

J UICE 

Fresh 

WT/ 

£ £ 

Dry 

MATTER 

J 

Osmotic 

1 CONC. 
•run L 

i 


m . c . Na / l . 

cm . 

f / m . 

atm . 

pm . 

pm . 

r /r ! 

1 aim . 

A & B-l 

Control 

65 

494 

J0.7 

2155 

353 

16.4 

11.6 

A-2 

40 

67 

343 

11.2 

1910 

327 

1 16.9 

12.4 

A-3 

80 

60 

244 

11.9 

1664 

285 

17.1 

13.6 

A-4 

120 

51 

151 

12.7 

1180 

204 

17.3 

15.0 

A-5 

100 

46 

1 104 

13.7 

797 

142 

17.8 i 

i 15.0 

B-2 

40 

64 

310 

12.6 

1832 

324 

17.7 

13.7 

B-3 

80 

57 

1 206 

12.9 

1662 

261 

15.7 ] 

34.9 

B-4 

120 

45 

, 117 

13.3 

1091 ! 

181 

16.6 1 

16.4 

B-5 

160 

35 

74 

15.3 

443 

75 

3 7.0 

15.9 


* A11 weights are averages of tops per plant. 


Methods of analysis of juice 

In order to determine to what extent the ions were accumulating, and to 
get some indication of the effect of the salt treatments on carbohydrate syn¬ 
thesis, analyses of the juice of the tops and of the fruit were made for the 
principal ions, reducing sugar, and organic nitrogen. Samples of vegetative 
material and fruit were rapidly frozen with dry ice and placed in cold 
storage until analyses could be made. The material was then thawed, the 
juice expressed with a Carver press under 2000 pounds pressure per square 
inch, and the freezing point depression of the juice determined. The juice 
was centrifuged for 15 minutes at 1800 r.p.m., hydrogen-ion concentrations 
determined, and chemical analyses made by A.O.A.C. methods except for K + 
which assayed by the Hibbard and Stout procedure (7). Analyses 
were wan for reducing sugars. Non-reducing sugars were not found in sig¬ 
nificant quantities. The sap was cleared by the method described by Hassid 
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( 5 ), and the sugar determinations were made by !a modified Harding and 
Downs procedure as outlined by Van der Plank (12). 

Results 

Vegetative responses and growth data 

Growth data were obtained at the intermediate and final harvests. The 
higher the concentration of the culture solution, the greater was the reduc- 



OSMOTIC CONCENTRATION IN ATMOSPHERES 


Fig. 2 . Height, and fresh and dry weight of vines, plotted against osmotic con¬ 
centration of the substrate. The letters A and B refer to salt treatments as shown in 
table I. Series A, high sulphate treatments; and Beries B, high chloride treatments. 

tion in the height of stems and fresh and dry weight of vines (table II). At 
equivalent concentration of sodium, plants in the high chloride series showed 
greater growth inhibition than those in the high sulphate series (figs. 1 
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and 4). This might suggest that the toxic effect of the Cl' ion exceeds that 
of the S0 4 = ion, but it should be recognized that the activity of the C1‘ ion 
is much higher than that of the SOr ion in the respective solutions. Osmotic 
concentration is possibly the dominant factor in this difference in growth 
response since, at corresponding levels of sodium treatment, the osmotic 
concentration of the culture solution is greater in the chloride series, the 



Fig. 3. Histological responses to high concentrations of sodium salts. Comparable 
sectors of transections of the middle internode of the tomato vine. A. Control cultuio 
(A-l) 1.6 atm. osmotic concentration; B. High salt treatment (A-5) 160 m.e. Na/1., 
6.4 atm. osmotic concentration. The high salt stem has smaller, thicker-walled collenchymn 
(a), pericyclic fibers (c), and secondary xylem elements (d). The parenchymatous cells 
of the cortex (b) and pith (f) are smaller in the high salt stem, and those of the pith 
contain more starch. (The larger cells of the pith in the control stem are not shown in 
the figure.) The smaller size of the zone of secondary vascular tissues in B, from pencycle 
(c) to primary xylem (e), is the result of a slower rate of cambial activity at high osmotic 
concentrations, and the maturation of cells of smaller size. A and B at same magnification 

differences ranging from 0.3 atm. with 40 m.e. of added salt to 1.3 atm. at 
the 160 m.e. level (table I). When height of stems and fresh and dry weight 
of vines are plotted against the osmotic concentration of the culture solu¬ 
tions, tKe differential effect of the Cl' and SO« = ions is very small (fig. 2). 
In fact, at isosmotic concentrations, there is little difference in the growth 
inhibition as expressed in terms of height of stems and dry weight of vines, 
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and the chloride plants (series B) had greater fresh weights of vines than 
did the sulphate plants (series A) at the higher levels. This is probably due 
to the tendency of plants to be more succulent when grown in high chloride 
than in high sulphate solutions. 

Anatomical responses 

The anatomical and histological responses observed were similar to those 
• >ted in an earlier study with high concentrations obtained by additions of 
Jiiim salts to a base nutrient solution and by multiplying the constituents 
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Flo. 4. Number of flowers nt anthesis, daily average for 30 days, and total weight 
of fruit per plant plotted against osmotic concentration of the substate. The letters A 
and B refer to salt treatments as shown in table I. Series A, high sulphate treatments; 
and series B, high chloride treatments. 

of the base nutrient (8). The smaller stems of vines grown at the high 
sodium levels as compared with the control vines were the result of decreased 
cambial activity, consequent reduction in the amount of secondary vascular 
tissue differentiated, and the smaller size of the mature cells. This was espe¬ 
cially noticeable in the secondary xylem vessels and cells of the mechanical 
tissues of the high salt plants which were much smaller and had proportion¬ 
ately thicker walls. There was also a marked reduction in the amount of 
cortical and medullary parenchyma and in the size of the cells of those 
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TABLE III 

Flowering and fruiting responses 


Series 

AND 

CULTURE 

Treat¬ 

ment 

Flowers 

at 

ANTHESIS* 

Fruit 

SETf 

Fruit harvested 

No. PER 
PLANT 

Total wt. 

FRUIT PER 
PLANT 

Wt. per 
fruit 

Blossom- 

end-rot 


m.e. Na/l . 




gm. 

gm. 

% 

A & B-l 

Control 

11.5 

188.5 

56.5 

3124 

55.2 

16.8 

A-2 

40 

11.3 

207 

57.0 

2856 

50.1 

33.3 

A—3 

80 

8.6 

136 

55.7 

1638 

29.4 

39.5 

A-4 

120 

5.7 

72 

33.7 

743 

22.1 

18.8 

A-5 

160 

5.0 

73 ' 

30.0 

615 

20.5 

36.7 

B-2 

40 

10.9 

197 

55.7 

2183 

39.2 

29.9 

B-3 

80 

6.9 

111 

39.3 

1115 

28.4 

44.1 

B-4 

120 

5.6 

72 

34.0 

816 

24.0 

41.2 

B—5 

160 

4.6 

28 

16.0 

427 j 

26.7 

18.8 


* Daily average, 30 days, 
t Average per replication. 

tissues. At the high salt concentrations, the accumulation of starch in the 
medullary and ray parenchyma was greater than in the control plants 
(%. 3). 


Flowering and fruiting responses 

Evident flower buds were observed first in the control and low salt cul¬ 
tures and last on plants under high salt treatments. With one exception, 



MILLIEQUIVALENTS OF Na PER LITER OF CULTURE SOLUTION 


Fig. 5. The fresh weight of the vines and the relative total fresh weight of the fruit 
per plant for series A (high sulphate treatments) and series B (high chloride treatments). 
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this sequence also obtained for anthesis, the lag ranging from 3 to 6 days. 
From August 20 to September 24, floral counts were made to determine daily 
averages of flowers at anthesis per plant under each treatment. In both 
series, there was a marked decrease in the number of flowers formed with 
increasing concentrations of salt, but there was no significant difference in 
the effect of the Cl~ and S0 4 ' ions (fig. 4). The total weight of fruit per 
plant and weight per fruit were reduced by the salt treatments. The reduc¬ 
tion in total weight of fruit was not great at the 40 m.e. level in series A, but 
there was a sharp drop at higher salt concentrations (table III). The crop 
at the 120 m.e. level was about 25 per cent, of that of the control, and less 
than 15 per cent, at the 160 m.e. salt level in the B series (high chloride) 
(fig. 5). 

On the basis of osmotic concentration, the high sulphate plants (series A) 
produced a greater total weight of fruit per plant than those of the high 
chloride series (B) at the lower osmotic values, but the reverse was true at 
the upper levels of salt concentration (fig. 4). Like the vegetative responses, 
the production of fruit indicates that the osmotic concentration of the sub¬ 
strate is more significant than the specific effect of the Cl" and S0 4 ^ ions. 

The incidence of blossom-end rot was high in all treatments. Robbins 
(11) found that approximately 80 per cent, of fruits on plants grown with 
solutions adjusted to 1.7 and 3.1 atm. osmotic concentration developed 
blossom-end rot and suggested that it was associated with wide fluctuations 
in the rates of evaporation, and occurred when the rate of transpiration was 
high. We observed that it was possible to reduce the amount of blossom-end 
rot by bringing the solutions up to volume frequently, thereby reducing the 
variations in water stress. 

Analysis of juice of vines 

The osmotic concentration of the juice of the vines increased as the vines 
matured. In every case, the juice of vines harvested in November was more 
concentrated than that for equivalent plants harvested in late August. At 
the final harvest, the osmotic concentration of the juice was greater at high 
concentrations of the culture solution, except at the highest levels where 
there was little change or a slight reduction as compared with the next lower 
level of salt treatment. Equivalent concentrations of sodium resulted in a 
higher osmotic concentration in the sap in the chloride than in the sulphate 
series, following the relationship of the culture solutions in this respect 
(Apr. 6). 

Calcium, magnesium, and potassium were supplied to all cultures in 
equal amounts, sodium being progressively increased from 1.6 m.e./l. (aver¬ 
age content in Riverside tap water) to 160 m.e./l. In general, the total 
cations present in the juice tended to be uniform regardless of treatment. 
With one exception (B~5), there was an increase in sodium at each succeed¬ 
ing higher sodium treatment and this was accompanied by a decrease in the 
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MILLIEQUIVALENTS OF Na IN THE CULTURE SOLUTION 

Fig. 6. The osmotic concentrations for the culture solutions, juice of vines, and juice 
of fruit at the different levels of sodium treatment. The high sulphate curves refer to 
series A, high chloride curves to series B. 


concentration of other cations in the juice. In the A series (high sulphate) 
with increasing increments of sodium salts, the reduction in the amounts of 
Ca, Mg, and K was progressive. In the B series (high chloride), the rela¬ 
tionship was not so clear qwing_to anomalous results from the B-3 cultures. 
With one exception (B-5), chloride and sulphate increased in the vines with 
increasing concentration in the culture solutions, the proportion of the two 
sodium salts in them being reflected in the greater SO. accumulation in the 
vines of the A series and the increased Cl concentration in those of the 
series B (table IV). 

TABLE IV 

Analysis op juice or tops 


Series 

and 

CULTURE 

Treat¬ 

ment 

Ca 

Mg 

Na 

K 

O 

« 

a 

N # 

Reduc¬ 

ing 

rug\r 


m.e. Na/l. 

m.e./I. 

m.e./I. 

m.e./I. 

m.e./I. 

m.e./I. 

m.e./I. 

m.e./I. 

Vr 

A & B-l 

Control 

81 

156 

10 

163 

113 

13 

92 

1.42 

A-2 

40 

97 

140 

55 

135 

136 

41 

83 

1.24 

A-3 

80 

69 

139 

110 

115 

164 

65 

96 | 

1.20 

A-4 

120 

51 

130 

* 135 

117 

171 

92 

117 1 

1.17 

A-5 

160 

48 

111 

151 

112 

174 

92 

130 j 

1.21 

B-2 

40 

85 

158 

75 

120 

118 

102 

104 , 

1.47 

B-3 

80 

50 

| 115 

121 

101 

108 . 

162 

95 

1.00 

B-4 

120 

70 

127 

150 

110 

122 

184 

112 

1.17 

B-5 

. 160 

70 

128 

114 

112 

120 

168 

111 1 

l 

1.11 


* Organic and ammoniacal X. 





TABLE V 

Analysis of juice of wpe fruit. Osmotic concentration, accumulation of ions, X, and percentxge N, reducing sugar and acid 
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Organic nitrogen increased in plants grown under high sodium treat¬ 
ments, but there was little or no increase at intermediate levels. Reducing 
sugars were lower in the salt treatments than in the controls except in the 
B-2 culture, but the differences between treatments were slight (table IV) 

Analysis op juice of ripe fruit 

In ripe fruits, the osmotic concentration of the expressed juice incrwi 
with increasing concentration of the sodium salts in the nutrient soli? » 
and, like the vines, the osmotic concentrations were higher in the B s$f/ 
corresponding levels of treatment. As Chandler (1) and Robbing* 
have pointed out, in most cases the osmotic concentration of the jt n* 
vegetative parts tends to exceed that of the fruit. At control, lot u 
intermediate levels of sodium concentration where the osmotic concent; 
of the substrate ranged from 1.6 to 4.6 atm. we found that the osmotic 
centration of the vegetative sap exceeded that of the fruit by one to tn 
atm. At the higher levels of salt treatment, however, in which the osmot< 
concentrations of the culture solutions were from 5.3 to 7.7 atm., the osmoi 
concentration of the fruit juice equaled or exceeded that of the vegetative 
sap (fig. 6). 

These relationships suggest that hydrostatic stresses may be operating to 
limit hydration which, as MacDougal (10) has pointed out, is fundamental 
to growth. It seems probable that the growth of fruit at the highest salt 
levels was inhibited not so much by lack of food reserves as by inadequate 
hydration. As indicated in table V, the organic nitrogen in the juice of the 
fruit increased progressively up to the highest level of salt treatment; and 
the percentage of reducing sugar was highest under the 120 m.e. Na/1. treat¬ 
ment and only slightly less than that peak under the highest salt concen¬ 
trations. 

As compared with the vegetative tissues, the accumulation of Ca, Mg, Na, 
S0 4 , and Cl in the fruit was low, and differences as the result of treatment 
were small (table V). Potassium and nitrogen occurred in larger amounts, 
the former approximating the accumulation in the vegetative saps at the 
high salt levels. With one exception, nitrogen values of the fruit juices were 
progressively higher with increasing concentration. The accumulation of 
sodium in the juice of the fruit increased with increasing increments of 
sodium in the substrate except for a slight decrease in the A-2 culture. The 
accumulations of S0 4 and Cl reflected the treatments, more of the former 
occurring in the A series, and of the latter in the B; but the amounts present 
were small as compared with the vegetative juice and with the concentration 
of these ions in the substrates in which the plants were grown (table V). 

Discussion 

Analyses of the fruit juices indicated that on a percentage basis, there 
was a slight increase in nitrogen, reducing sugars and mineral constituents 
with increasing concentrations of salts. Flavor and quality may be ad- 
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versely affected by the presence of Cl, S0 4 , and Na ions and by the higher 
acid values that were found under high salt treatments, but the amounts of 
these ions accumulated as compared with their concentration in the vegeta¬ 
tive sap were small. It should be added that no determinations were made 
*or vitamin content of the fruit, such as those of Hamner, Lyon and Hamner 
, t * for ascorbic acid, so that we have no information as to how high salt 
, tment may affect that aspect of the nutritional picture. 

The principal deleterious effects of high salt concentration under the 
tfjons of this study appear to be marked reduction in the number of 
^set and the weight and size of the fruits that reach maturity. Studies 
several varieties of tomatoes yielding results in line with those given 
‘lave been reported by other investigators. Robbins (11) experiment- 
vith the same variety used in our work, found that fruits produced on 
* is grown in nutrient solutions of 3.1 atm. osmotic concentration were 
.uch smaller than those grown at lower concentrations. Lyon (8) using 
udded Na 2 S0 4 at 80 and 120 m.e./l. levels, found significant reductions in 
*tie mean weight of tomatoes of the Johannisfeuer variety and a reduction 
of 40 per cent, in the fresh weight of fruit produced at the higher salt level. 
Eaton (3) growing the Stone variety at two concentrations of chloride and 
sulphate salts (50 and 150 m.e. 1.) obtained 19 per cent, and 96 per cent, 
reductions in the relative dry weights of fruits at the low and high chloride 
levels respectively, and a 28 per cent, and 73 per cent, reduction with the 
corresponding sulphate treatments. 

There also appears to be an increase in the incidence of blossom-end rot 
when the osmotic concentration of the substrate is high, although this con¬ 
dition is somewhat alleviated when fluctuations in water stress are reduced 
by keeping the concentration of the solution constant by frequent additions 
of water. Although our experience, like that of Robbins (11), indicates 
that irregularities in hydrostatic stress and the restriction of rate of absorp¬ 
tion of water are probably the most important factors in the development of 
blossom-end rot, there is some evidence that the lack of accumulation, or the 
accumulation in excess, of certain ions may be contributing causes of this 
disorder. 

On the basis of work reported here and additional unpublished data, it 
appears that the accumulation of potassium may be significant in blossom- 
end rot and that calcium may have an ameliorating effect. Lyon, Beeson 
and Barrentine (9) using the Bonny Best variety and working with nutri¬ 
ent solutions of relatively low concentration found that * 1 fruits produced in 
treatments where rot was most severe were low in calcium content and high 
in potassium and magnesium content. ” Our data are not directly compara¬ 
ble to those of the workers just mentioned since we were concerned with very 
high concentrations of total ions and of K, Mg, and Ca, and they were work¬ 
ing at much lower levels. Eaton (3) using Stone tomatoes in sand culture 
has obtained data that suggest that “ calcium and magnesium accumulations 
singly or combined were important contributing factors” to the incidence of 
blossom-end rot. 
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Summary 

1. Marglobe tomatoes were grown in sand cultures using a nutrient solu¬ 
tion with NaCl and Na 2 S0 4 as the added salts. Two series were set up with 
five treatments each: control, 40, 80, 120, and 160 m.e. Na/1. To segregate 
supplementary effects of the anions, series A had the sodium supplied as 
25 per cent Cl" ai&^5 per cent. S0 4 = , series B as 75 per cent. Cl" and 25 per 
cent. S0 4 = . The plants were grown to maturity to obtain data on floweri** 
and fruit production. 

2. The osmotic concentration of the substrate appears to be a primary 
factor in growth inhibition, although secondary effects of the Cl~ and “ 
are noted. 

3. The principal effects of high concentration of the substrate were: 

a. Reduction in height and diameter of stems and fresh and drj 
weight of vines. 

b. Reduction in cambial activity, maturation of cells of smaller size 
and relatively thicker walls in xylem elements and mechanical 
cells. 

c. Inhibited floral development and reduced set of fruit. 

d. Reduction in total yield of fruit and in size and weight per fruit. 

e. Increase in osmotic concentration of the vegetative and fruit 
juices. 

4. The accumulation of Ca, K, Mg, and N in the juice of the ripe fruit 
was greater at high osmotic concentrations of the substrate although those 
elements were supplied in equal amounts for all treatments. 

5. The accumulation of Cl, S0 4 , and Na in the vegetative and fruit 
juices increased with increasing increments of salt in the substrate. 

6. Flavor did not appear to be impaired by salt treatments. 

7. The incidence of blossom-end rot appeared to be related to wide fluc¬ 
tuations in water stress. It is suggested that high accumulation of potas¬ 
sium may be a contributing factor. 

U. S. Regional Salinity L\boratory 
Riverside, Californi v 
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STIMULATION OP THE ONION ROOT BY 
ALTERNATING CURRENT 


L. Joe Beery and Rosalie C. Hoyt 
(with nine figures) 

Introduction 

Positive direct current sent up an onion root may polarize or stimula. 
tlie root, i.e., increase or decrease, respectively, the positivity of the electric 
potential of the distal contact measured with respect to the earthed proxpt, *1 
contact. Current sent down the root may depolarize or less con , ’• 
stimulate the root, i.e., decrease or increase the positivity of this elec, 
potential. The type of change which the current produces is dependen 
at least in part, on the strength and duration of the current; the tempera¬ 
ture and oxygen tension of the environment; the previous treatment; the 
individual characteristics; and the segment of the root under investigation 
(2,3). Since the flow of direct current in a given direction may result in 
oppositely oriented potential changes which appear to summate in certain 
cases, it was believed that the use of alternating current would simplify the 
observations by eliminating one of the two effects, i.e., the polar effect. With 
this in mind the present investigation was undertaken and the results indi¬ 
cate that the simplification occurred only in part. 

CiiARK (5) found that alternating current (6v) applied to Avena coleop- 
tiles diminished the PD of 25 sections mounted in parallel between two 
agar blocks to which electrical connection was made. The direction of the 
change in potential is in agreement with the results reported below but no 
analysis of the action was attempted. Amlong and Bunning (1) and 
Bunning (4) found the threshold value for AC stimulation which resulted 
in a decrease in the potential difference of roots and stems of several plants. 
Metzner (6) claims to have demonstrated rectification in 50 cycle AC in 
several tissues, but experimental details are lacking. This report indicates 
that stimulation with DC or AC elicits apparently identical electrical 
changes in the root, confirming many of the experimental observations pre¬ 
viously described (3). Moreover, the environmental factors, oxygen and 
temperature, as well as the previous treatment of the root, are found to 
influence irritability. 

Method 

The apparatus described by Berry and Hoyt (3) was used for this inves¬ 
tigation. The onion roots were grown in the usual manner and the experi¬ 
mental procedures were unchanged except for the use of alternating current. 
In experiments where both alternating and direct currents were applied at 
intervals to the root the DC circuit previously diagrammed (2) was em¬ 
ployed. The 60-cycle, 110-volt house current was led from a potentiometer 
and connected to the root through a rotary switch. In series with the root 

570 



BERRY AND HOYT: STIMULATION BY ALTERNATING CURRENT 


571 


was a Leeds and Northrup type 2450 astatic dynamometer with telescope and 
scale. The sensitivity was 0.798 microampere (root mean square) per milli¬ 
meter on the scale. The 60-cycle voltage applied across the root was a pure 
sine wave, as tested with a cathode ray oscillograph. The current through 
the root was also found to be a pure sine wave, with no apparent rectification. 
Reversal of the AC leads did not affect the results. An RCA Ultrasensitive 
DC Meter was used for measuring potentials. This meter could be read to 
0 'i millivolts (one-fourth scale division) and had a period of 3 seconds. As 
a the previous papers (2, 3), potential differences were not determined dur¬ 
ing the application of current but were recorded at 30-second intervals at 

other times during any experiment. In preparing the curves for publi- 
not all points were included if their omission produced no alteration 
the curves. 

Results 

Effect of alternating current of increasing strength on the 

POTENTIAL OF VARIOUS SEGMENTS OF THE ROOT 

Alternating current of increasing strength was applied for thirty seconds 
every eight minutes to the first five millimeters of the root tip. The contacts 
were then raised successively to 3 and 8, 5 and 10, 10 and 15. and back to 
0 and 5 millimeters above the tip of the same root. Insets W, X, Y, and 
Z in figure 1 show the positions of the contacts around the root. Typical 
results for this procedure are given respectively in curves A, B. C, D, and 
A'. The first 5 millimeters, curves A and A', show a decrease in potential 
following the application of 3.2 microamperes. The magnitude of the 
response (decrease in potential) increased as the current was increased up 
to 7.2 microamperes, curve A. A similar response to this current after the 
other segments of the root had been tested is found in curve A'. With still 
greater current, 12.8 microamperes, the response was slightly less. This 
effect is described in more detail in a section below. 

In the more basal segments of the root, stimulation occurred only with 
stronger current; 19.6 microamperes were required in curve B, 12.0 micro¬ 
amperes in curve C and 27.2 microamperes did not stimulate the most basal 
segment as shown in curve D. These results are in agreement with those 
reported for direct current (3) in which polarizations and depolarizations, 
rather than stimulations, were usually observed in basal segments. It should 
be stated, however, that in some roots a small response may sometimes be 
obtained even in basal segments but always the required current is higher 
and the magnitude of potential change is smaller than in the apical segment 
(fig. 8, curve B). 

In one root it was found that the potential following the flow of alter¬ 
nating current increased (more positive) rather than decreased. The re¬ 
sponse of this root is shown in figure 2. Current was applied for 30 seconds. 
The initial potential of the apical 5 millimeters was about 10 millivolts nega-, 
five (curve A) and thus Was oriented opposite to that of the majority of 
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roots. For this reason one might expect the reversed direction of the 
response but at the end of the series when the contacts were returned to the 
apical 5 millimeters (curve A') the polarity potential was between 30 and 
40 millivolts positive and the response continued to cause an increase in 
potential. In most experiments in which a reversal of polarity of the apex 
occurred (the potential became negative), the current flow still produced * 
decrease in positivity (fig. 4, curve B between 100 and 120 minutes). 


millivolts 



170 



Fio. 1. The response of inherent potential to alternating current. Double-headed 
arrows indicate AC sent through the root for 30 seconds. The number with each arrow 
gives the magnitude of the current in r.m.s. (root mean square) microamperes. The posi¬ 
tions of the contacts were: Curve A, 0 and 5 mm. (inset W); curve B, 3 and 8 mm. 
(inset X); curve C, 5 and 10 mm. (inset Y) ; curve D, 10 and 15 mm. (inset Z) ; curve 
A', 0 and 5'mm. All curves are from the same root. 


Both curve B and curve C of figure 2, obtained with the contacts at 3 
and 8; and 5 and 10 millimeters above the tip, respectively, insets Y and Z, 
gave the same type of response as the tip. The strength of current neces¬ 
sary was higher in each case than that required for curve A but the magni- 
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tude of change was approximately the same. The 1 abnormal behavior of this 
root must indicate an exceptional condition in the cells since it was the only 
one of dozens used during the course of the investigation that gave this inter¬ 
esting response. It is hoped that further experiments will yield an explana¬ 
tion of the results. 

Since figures 1 and 2 show the first five millimeters of the root tip to be 
♦mst easily stimulated, it was considered desirable to determine which milli- 
mc.er segment of the five was primarily responsible for the observed poten¬ 
tial change. The current was increased until an appreciable response was 
obtained and approximately this current was then applied in the same way 
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Flu. 2. Same as figure 1. The positions of the contacts "were: Curve A, 0.0 and 
5 mm. (inset X) ; curve B, 3 and 8 mm. (inset Y) ; curve C, 5 and 10 mm. (inset Z ); 
curve A', 0 and 5 mm. All curveB are from the same root. 

twice each to the five one-millimeter segments in the first 5 millimeters of the 
root tip. The contacts were then returned at the end to 0 and 5 milli¬ 
meters above the tip and the same current applied twice and finally to 1 
and 5 millimeters above the tip and current again applied. Figure 3 gives 
the result typical of the four roots tried. 

Curve A is for the entire 5 millimeters and 10.4 microamperes produced 
a response of 11.5 millivolts. With the contacts at 0 and 1 mm. above the 
tip, 11.2 microamperes gave a response of 14.5 and 19.5 millivolts (curve B). 
The slight increase in current resulted from the decreased impedance of the 
shorter segment of root and the inability to set the potentiometer so as to 
give a predetermined current. Curve C had the contacts at 1 and 2 mm. 
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above the tip and 12.0 microamperes did not stimulate the segment. Simi¬ 
larly, curves D, E, and F with the contacts at 2 and 3, 3 and 4, and 4 and 5 
mm. above the tip, respectively, gave no response with about 11.5 micro¬ 
amperes. When the contacts were returned to 0 and 5 mm., 10.8 micro¬ 
amperes produced responses of 24.5 and 16.0 millivolts. Finally, with the 
contacts at 1 and 5 millimeters above the tip no stimulation resulted from 





Fig. 3. The effect of segment length and position on the response to alternating 
current. Double-headed arrows indicate the AC sent through the root for 15 seconds. 
The number with each arrow gives the magnitude of the current in r.m.s. microamperes. 
The positions of the contacts are given in the table. All curves are from the same root. 

current flow* Hence it is apparent that the first millimeter of the root tip 
is the part most easily stimulated with alternating current. With that seg¬ 
ment removed from the circuit by raising the lower contact, no potential 
change resulted from the flow of what had been a stimulating current. In 
this dill the results may be due to the greater current density over the first 

v 
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millimeter of the tip but for more basal segments* (fig. 1) the observed dif¬ 
ferences in response to current flow are not so simply explained. 

Thus the flow of AC through a root normally decreases the positivity of 
the electric potential as measured but in exceptional cases the response to 
current flow may be oriented in the opposite direction. A response is more 
readily obtained in apical than in basal segments of the root and with 
smaller currents. 

' CT OF ALTERNATING CURRENT OF CONSTANT MAGNITUDE APPLIED 
TO TIIE ROOT FOR INCREASING LENGTHS OF TIME 
$.ing with a time of 5 seconds, an alternating current which pro- 
esponse was allowed to flow through the root and its effect on poten- 
ferved. Eight minutes later the same current was passed through 
it for 10 seconds and so on with 5-second increments up to 30 seconds 
mally 60 seconds. Curves A and B, figure 4, are for the first 5 mm. 
wo different root tips and curve C is for 5 and 10 mm. above the tip of 
*e same root as that of curve A. In the latter, 9.6 microamperes for 5 
seconds decreased the potential 41.5 millivolts and as the time of current 
flow progressively increased to 10, 15, 20, and 25 seconds the responses 
became smaller until finally neither the 30- nor the 60-second flow produced 
a change. A return to 5 seconds gave a decrease of only 9.5 millivolts (com¬ 
pared to the original 41.5 mv.), followed by no effect for 30 seconds and only 
6.0 millivolts for another 5-second application. This change in the response 
of the root to current flow as the duration of flow increased took place with 
the magnitude of the potential essentially constant at about 20 millivolts 
positive after the first application. A similar effect was obtained with the 
segment of, root 5 and 10 millimeters above the tip, curve C, but in this case 
no response resulted after a 25-seeond flow of 21.2 microamperes and only 
a 1.5 millivolt decrease was produced by the final 5-second application as 
compared to the initial 6.5 mv. change. 

A slightly different effect is shown in curve B beginning with an appli¬ 
cation of 6.0 microamperes for 5 seconds that gave a 30 mv. response which 
gradually decreased to 7.5 mv. at both 20 and 25 seconds, increased to 15.5 
mv. for 30 seconds, and to 12.0 mv. for 60 seconds. Again the return to a 
5-second flow gave a smaller response (15.5 mv.) than originally as did the 
30-second (5.0 mv.), and final 5-second flow (10.0 mv.). With the same 
series of current applications repeated using a larger current (10.8 micro¬ 
amperes) it is seen that the magnitude of response regularly decreased up 
to the 60-second flow, except for the 5.0 mv. greater decrease at 10 seconds 
than at 5 seconds. Here also the final 5-second flow produced as great a 
response as the initial one. The decrease in response that generally occurs 
as the duration of current flow increases is in close agreement with the simi¬ 
lar experiments for direct current (3) save that in the latter case the poten¬ 
tial change due to polarization is summed with the progressively smaller 
potential change due to stimulation and the net result may be an increase 
in potential when current passes up the root for longer time intervals. 



PLANT PHYSIOLOGY 



120 110 140 150 160 170 ISO 

MINUTES (coni) 

Fig. 4. The response of inherent potential to alternating current of constant magni¬ 
tude but varying duration. Double-headed arrows indicate the application of AC to the 
root. The numbers with each arrow give the magnitude of the current in r.m.s. micro 
amperes, and the duration of current flow in seconds ('). When no magnitude is given 
it was the same as that last indicated. The curves A and C refer to one root, and curve 
B to another. The positions of the contacts were: Curve A, 0 and 5 mm.; cuive C, 5 
and 10 mm. ; curve B, 0 and 5 mm. 

5, first part of curve A). Even so, under such conditions, variations in the 
magnitude of potential-decrease following current flow may occur. Such 
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variations, however, are never as orderly as the decrease obtained with longer 
intervals of application. 

Effect of alternating current of constant magnitude applied 

WITH SHORTER TIME INTERVALS BETWEEN APPLICATIONS 

A stimulating current was applied for 30 seconds to the first 5 mm. of 
the tip every eight minutes for four times. It was then passed through the 
root four times for the same length of time but with four minutes between, 



Fig. 5. The effect of decreasing the time between applications of alternating cur¬ 
rent. Double-headed arrows indicate the application of AC for 30 seconds. The numbers 
with each arrow give the magnitude of the applied current in r.m.s. microamperes. 
Curves A and B refer to two different roots. The positions of the contacts were: 0 
and 5 mm. for both curves. 
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then similarly with three, two, and one minutes between applications. Of 
the four roots so treated two are shown in figure 5. The first part of curve 
A shows a behavior unlike the other three but the last part of that curve 
exhibits typical behavior. It should be noted that 6.4 microamperes gave 
a much larger decrease in potential than 4.0 microamperes and was there¬ 
fore used for the series in curve A. The four applications of current with 
eight minutes between, result in three of four responses of about equal mag¬ 
nitude (30 mv.) with the third only half ns great. The responses with four 
minutes between current flow increased in size the first three times and 
decreased the last. With three and then with two minutes between current 
applications, virtually no potential change took place. Because one minute 
intervals between current flow was accompanied by a potential increase, the 
series was extended until a constant potential was reached. This increase 
in inherent potential as a result of current flow and the failure of the root 
to respond at the three and two minute intervals is the exceptional behavior. 
Eight minutes following this last series the same current was again passed 
through the root and no response was produced. This 4 ‘refractory state” 
persisted for 64 minutes as shown by an occasional application of current 
during this time and then at 150 minutes on the time scale, the root again 
responded. The magnitude of this and the following responses was approxi¬ 
mately the same as the smallest of the initial four. The root even after the 
return of irritability was not as easily stimulated as originally since 4.0 
microamperes failed to have any effect. Moreover, eleven applications of 
current one minute apart failed to produce the rise in inherent potential, 
and two applications eight minutes apart gave normal responses. This was 
finally followed by twenty-five applications of current at one-minute inter¬ 
vals and all but one caused a decrease in potential. The inherent potential 
returned to its initial level after this final series and eight minutes later the 
root was again stimulated by current flow. Thus after recovery of irritabil¬ 
ity a treatment more drastic than the one initially responsible for the 
“refractory” condition failed to cause another period of lost irritability. 

The root in curve B of figure 5, which starts at 120 minutes on the time 
scale, required 7.2 microamperes for a good response. It was treated the 
same as the root in the first part of curve A and responded each time current 
passed through the root regardless of the length of the recovery period. At 
the end the original potential level was reached and the size of the response 
equalled the one at the beginning. The only noticeable effect of applying 
current with a short recovery period between applications in this case, as 
well as in the latter part of curve A, was to permit less recovery from the 
former stimulation and hence less potential decrease. Throughout the ex¬ 
periment in curve B the lower level of the potential immediately following 
current flow was remarkably constant at about 25 mv. positive. A similar 
condition k to be seen in curve A over the latter half where the potential 
was befopeen 5 and 10 mv. positive. 

Summarizing, it is found that AC applied several times in rapid succes¬ 
sion prevents complete recovery and decreases the observed electric potential 
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to approximately the same initial level after each current flow. However, 
this treatment seems capable under some conditions of giving rise to a 
“refractory state’’ in the root during which time the applied current pro¬ 
duces no response in the root. 


Effect of alternating current followed by direct current 

ON TIIE POTENTIAL OF THE APICAL FIVE MILLIMETERS 
OF THE ROOT 

Berry and Hoyt (3) have shown that a root tip stimulated by direct 
current could not be stimulated again when current of the same strength 

MILLIVOLTS 



Fig. 6. The effect of. alternating current on the response of inherent potential to 
applied direct current. Double headed arrows indicate the application of alternating 
current for 15 seconds, single-headed arrows indicate the application of direct current 
up or down the root for 15 seconds. The numbers at each arrow give the magnitude of 
the current (AC or DC) in microamperes. The positions of the contacts were 0 and 
5 mm. for all curves. A different root was used for both curves. 


was sent through the root within one or two minutes. Instead, the second 
application of current polarized the root when it opposed the inherent flow 
of current. In order to see whether a similar effect would result with AC, 
direct current of stimulating magnitude was sent up the root one minute 
after the potential was decreased with AC. Typical results with the con- 
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tacts 0 and 5 mm. above the tip are given from two different roots in figure 
6. Current was applied for 15 seconds in all cases. The root that gave 
curve A could be decidedly stimulated with 2.00 microamperes DC and 9.6 
microamperes AC. When the DC was applied one minute after the AC a 
polarization was produced which was almost perfectly repeated three suc¬ 
cessive times with eight minutes between the two current applications. 

In curve B, 0.50 microampere DC stimulated the root when sent either 
up or down the root. The latter type of response (an increase in potential 
after direct current is sent down the root) is not as commonly seen as the 
former. This response of the root made it possible to determine the effect 
of both types of DC after AC stimulation. Direct current sent up the root 
one minute after 4.8 microamperes AC had stimulated it produced another 
decrease in potential. When repeated after an eight minute recovery 
period, the DC polarized the root. The same effect was observed after 
another eight minute period. When DC passed down the root after the 
AC application, an increase greater than that produced by DC alone was 
found. This was repeated with the same result. Another application of 
DC up the root, following the AC, at first increased the potential to a small 
extent which quickly fell below the initial potential. A repetition of the 
DC alone, once in each direction, showed the root still to be stimulated by 
each. Then by increasing the AC to 8.0 microamperes, practically no 
response was observed and the direct current application that followed in¬ 
creased the potential when sent up the root and decreased the potential when 
sent down the root. 

Effect of alternating current of increasing magnitude on 

THE IRRITABILITY OF THE ROOT TO DIRECT CURRENT 

It has been suggested above (sections 2 and 3) that the root is capable 
of undergoing a decrease in irritability even to the extent of becoming 
“refractory” under some conditions of current application. This has been 
found to be the case when sufficiently strong AC is used on the first five 
millimeters of the root tip. Not only does the root become practically 
“refractory” to AC stimulation but also to DC stimulation. At the same 
time, the root can still be polarized with DC. Typical of the results from 
several different roots is that shown in figure 7. Current was applied for 
fifteen seconds each time and eight minutes elapsed between applications. 
Three different magnitudes of DC were first sent up the root and in each 
case a rather large decrease in potential was produced. Two applications 
of AC of increasing strength also stimulated the root and another DC (0.50 
microampere) again decreased the potential but not as much as originally. 
By increasing tW AC still more no change in potential occurred when 12.0 
microamperes w f as used at 64 minutes on the time scale. This was followed 
by five J^plications of 0.50 microampere DC with the first two polarizing 
and t}|f last three stimulating the root. When 12.0 microamperes AC was 
again sent through the root it produced a sizable response which became 
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successively smaller on the next two applications. Beginning at 136 min¬ 
utes, the AC was increased each time it was applied and each response was 
smaller until no change resulted with both 40.0 and 47.2 microamperes. The 
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Pin. 7. The effect of alternating current of increasing magnitude on the response 
of inherent potential to applied direct current. Double-headed arrows indicate the appli¬ 
cation of alternating current for 15 seconds, single-headed arrows indicate the applica¬ 
tion of direct current up or down the root for 15 seconds. The numbers at each arrow 
give the magnitude of the current (AC or DC 1 ) in microamperes. The contacts were at 
0 and 5 mm. 


magnitude of AC which originally gave the largest responses now produced 
very small potential changes and both 0.50 and 1.00 microamperes DC polar¬ 
ized the root. The root was now in a “refractory” state and this condition 
existed when the inherent potential was higher than at any previous period . 
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In fact the increase in inherent potential took place during the hour (120 
to 180 minutes) when the highest AC was being passed through the root. 
This increase in potential should be compared with the rise shown in curve 
A, figure 5, of this paper and that of figure 9 in the paper by Berry and 
Hoyt (3). 

By permitting the root to remain undisturbed for a little over 100 min¬ 
utes and then testing its response to current flow, it was found that a par¬ 
tial recovery of irritability had occurred. Both 1.00 and 0.75 microampere 
DC stimulated the root while 0.50 microampere only polarized it. With 
AC, 12.0, 8.8, and 4.8 microamperes all gave appreciable responses. This 
rather drastic treatment of roots frequently caused an angular bend in the 
first few millimeters of the tip by the following day but growth continued 
and no permanent damage beyond the bending seems to have occurred. 

Effect of temperature on the response of the root to 

ALTERNATING CURRENT 

In order to compare the effect of temperature on AC stimulation with 
that for DC stimulation (3), an identical procedure was followed except for 
the difference in current used. Reference is made to that work for the tech¬ 
nique used and a discussion of its limitations. Essential confirmation was 
obtained and two of the seven curves are presented in figure 8. Curve A is 
for the first five millimeters of the tip of one root and curve B is for the 10 
to 15 millimeter segment of a different root tip. Current was applied for 
30 seconds in all experiments. The first sizable response required 6.4 micro¬ 
amperes for curve A (small responses may be seen for both 3.2 and 4 8 micro¬ 
amperes) and 12.8 microamperes for curve B. After lowering the tempera¬ 
ture to between 14° and 15° C. for one hour the apical segment showed a 
large response with 4.8 microamperes but no response for 3.2 microamperes. 
On the other hand, the basal segment was only stimulated to a lesser degree 
with nearly twice as much current as that originally required. As the tem¬ 
perature increased the magnitude of current necessary for an appreciable 
response also became greater in the apex and exceeded the original value. 
This condition might well have been due to the greater surface conductivity 
of the root resulting from condensation of water as the air in the chamber 
became warmer and more moist with the root temperature remaining lower. 
Finally, with the return to room temperature approximately the same mag¬ 
nitude of current stimulated the root as in the original condition. In the 
basal segment, however, the return to room temperature lowered the strength 
of the current required for stimulation to approximately its former value. 
However, with all roots the basal segment did not behave in such direct con¬ 
trast to the apical segment and, as with DC stimulation, the effect of a lower 
temperature was much more pronounced and definite in the apex than in 
the base. .Thus as shown in curve A, the strength of current for stimu¬ 
lating an apical segment of root is decreased by lowering the temperature; 
this verifies the results obtained with DC stimulation. 



BERRY AND HOYT: STIMULATION BY ALTERNATING CURRENT 


583 


Effect of hydrogen and oxygen on the response of inherent 

POTENTIAL TO AC STIMULATION 

When oxygen is removed from the environment of a root by passing 
hydrogen through the chamber, direct current which stimulated the root 
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Fig. 8. The effect of temperature on the response of the root to alternating current. 
Double headed arrows indicate the application of alternating current for 30 seconds. 
The numbers beside each arrow gh e the magnitude of the current in r.m.s. microamperes. 
The variation of temperature with time is given by the broken curves. Curve A and B 
refer to two different loots, and the positions of the contacts were: curve A, 0 and 5 
mm.; curve B, 10 and 15 mm. 

only polarizes it. This effect is reversible by replacing the hydrogen with 
oxygen (3). It was considered important to observe the change a similar' 
treatment would produce on the alternating current stimulation. The 






Fig. 9. The effect of hydrogen and oxygen on the response of inherent potential to 
alternating current. Double-headed arrows indicate the application of alternating cur¬ 
rent for 30 seconds. The numbers at the arrows give the magnitude of the current in 
r.m.s. microamperes (when no number is given the current was the same as that last 
indicated). The dotted vertical lines indicate the time at which the circulation of 
hydrogen or oxygen was begun. Tlu* contacts were at 0 and 5 mm. 


repeating the oxygen removal and readmission. The second period in 
hydrogen required a longer time before the loss of irritability appeared; this 
might easily be attributed, however, to the fact that hydrogen had to replace 
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only air the first time and oxygen the second time. *A sufficiently low oxy¬ 
gen tension would naturally be slower in appearing in the latter case. This 
particular curve is of additional interest because at the beginning of the 
removal of air by hydrogen at 84 minutes the potential was slightly nega¬ 
tive and yet was responding to current flow with potential changes of 
approximately 20 mv. In hydrogen the potential at which no response 
occurred after applying AC was at first almost the same as before and later 
w T as even higher. Thus the absolute magnitude of potential is not directly 
involved as a cause and effect mechanism. This fact would not have been 
evident in the other roots of this series since normally there is a fall from a 
positive PD to essentially zero when hydrogen replaces air. The change in 
the response of a root to current flow, however, follows a similar pattern in 
all the roots tested. 

Discussion 

Alternating current when sent through an onion root could alter the 
observed electric potential: (1), as a result of rectification by the root com¬ 
parable to the action of various tissues reported by Metzner (6) ; or (2), 
by stimulating the root, thereby producing a greater negativity in observed 
potential similar to the effect sometimes observed with direct current (3). 
Neither of these explanations can fully account for all of the experimental 
facts as shown by the analyses that follow. 

The rectifying element in the root would have to possess the following 
characteristics: (a) its resistance to upward flow of current should be 
greater than its resistance to downward flow of current, thereby normally 
resulting in depolarizing the root, but this behavior should be capable of 
reversal under some conditions giving rise to results like those shown in 
figure 2; (b) it must he dependent on oxygen for the maintenance of its 
rectifying properties (fig. 9); (c) it must be either less efficient or absent 
in more basal segments of the root compared with the apical segment and 
especially the first millimeter of the root tip (figs. 1, 2, 3); (d) its effective¬ 
ness should decrease with duration of current flow (fig. 4), with larger cur¬ 
rents (fig. 7), and at times with increasing frequency of application of 
current (curve A, fig. 5); and (e) its efficiency must be somewhat greater 
at lower temperatures especially in apical segments (fig. 8). In some re¬ 
spects it might seem that rectification is produced by the same structures 
responsible for the oxygen sensitive inherent PD but the disappearance of 
rectification in curve A, figure 4 between 40 and 60 minutes and in curve A, 
figure 5 between 90 and 130 minutes without any appreciable alteration of 
inherent potential makes this doubtful. Moreover, the fraction of total 
current flowing through the root that is rectified must be small enough not 
to be detected by the cathode ray oscillograph. Also no stimulation of the 
root with AC seems to occur even with relatively strong currents but on the 
basis of DC results (3) one might expect this to occur occasionally. 

A stimulation of the root with AC can account for all of the observed 
results except the behavior of curve A, figure 4 and curve A, figure 5 men- 
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tioned in the paragraph above. It is difficult in the former case to under¬ 
stand how the observed potential can return to its original value during 
current flow when it is decreased during the first interval of flow. In the 
second case, the recovery of irritability at constant PD implies that there 
is no immediate relationship between the structures responsible for inherent 
potential and those which are thought to be broken down by the stimu¬ 
lating action of current flow (3). But with these exceptions all other obser¬ 
vations agree in essential detail with the behavior of the roots stimulated 
with direct current (3). There seems to be no doubt but that DC applica¬ 
tions may have one of two types of effect on the PD of the root and in some 
cases the change in potential observed may be an algebraic summation of 
the two. 

The following points of agreement between the response of the root to 
applied AC and to DC stimulation may be cited: (a) the apical 5-mm. seg¬ 
ment of a root is more readily stimulated than more basal segments, and 
when the latter are stimulated stronger currents are required (fig. 1); (b) 
stimulation by downward flow of DC (increase in the positivity of observed 
PD) occurs less commonly than stimulation by upward flow of current, 
hence the fact that curves like figure 2 appeared with only one root might 
be expected for this reason; (c) roots stimulated with AC can be again 
stimulated or polarized with DC of stimulating strength when applied before 
recovery is complete, the response to DC depending upon the amount of 
recovery from the AC stimulation (figs. 6, 7); (d) a lower temperature 
reduces the strength of current required to stimulate the apical segment of 
a root (fig. 8); and (e) the root cannot be stimulated in an atmosphere of 
hydrogen but can be stimulated in air (fig. 9). 

It is probably true that there is no great choice between the two possible 
interpretations but it is the feeling of the writers that the latter is prefer¬ 
able because of the close agreement with the DC experiments. Work 
planned for the near future should make it possible, however, to base that 
choice on a sounder foundation. 


Summary 

1. The inherent potential of onion roots may be decreased by the appli¬ 
cation of alternating currents of sufficient strength. Only one exception 
was found and in this root the potential became more positive. No change 
is produced in the root PD unless “threshold” intensities are employed. 
These responses are more readily obtained in apical than in basal segments. 
In fact, when a stimulating current of an apical five millimeter segment is 
applied to each of the one millimeter segments, only the first millimeter of 
the root is stimulated and no change in PD is observed when it is not in the 
circuit. 

2. Aa the duration of flow of a stimulating current increases from 5 to 
60 or 120 seconds, the magnitude of root response becomes progressively 
smaller and may disappear. A return to the shorter flow of 5 seconds again 
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produces a large response, although not as great a9 initially. If a long 
recovery period is allowed the magnitude of the response may return to its 
former value. 

3. If the times between applications of current are decreased, recovery 
of potential may not be complete, but the initial value after flow remains 
approximately the same. In some roots it is possible by this treatment to 
induce a “refractory” state, lasting for some time, during which* no stimu¬ 
lation is possible. Eventually the root recovers its ability to respond. 

4. When direct current of stimulating intensity is applied to a root 
whose potential has been lowered by alternating current of sufficient mag¬ 
nitude, it will no longer be stimulated but will only be polarized. The same 
thing will occur if the root has been made “refractory” with large alter¬ 
nating current. 

5. The “threshold” for AC stimulation is less at low temperatures than 
at high temperatures. This effect is reversible and is more pronounced in 
apical segments than in basal segments. 

6. A root which can be stimulated in air will no longer respond after a 
period in hydrogen, but will again respond when oxygen is admitted. This 
effect is perfectly reversible. 

7. The results are interpreted as being due to the stimulating action of 
alternating current but the possibility of rectification by the root is 
discussed. 

It is with pleasure that we acknowledge the technical assistance of Miss 
Atiillex Jacobs so faithfully rendered during part of the investigation. 
P>ryx M uvk College 

liRYX Mawr, Pennsylvania 
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QUANTITATIVE MEASUREMENT OF THE VELOCITY OF WATER 
ABSORPTION IN INDIVIDUAL ROOT HAIRS BY A 
MICROTECHNIQUE 

Hilda F. Bosene 

(with SIX figures) 

Popesco (11) credits the first observations on the absorption of solutes 
by roots to the work of Marcellus Malpighi in the seventeenth century. 
Popesco writes that, in his work entitled Anatome Plantarum which ap¬ 
peared in 1675, Malpighi maintained that nutritive substances were ab¬ 
sorbed by the roots at the level of the region of the root hairs. Since not all 
plants bear root hairs, Malpighi stated further that the entire epidermal 
surface functioned in absorption when root hairs were absent. 

According to Popesco, many early investigators following Malpighi 
were not in agreement with these conclusions: Grew in 1682 said that the 
roots absorbed water and nutritive substances from the earth through their 
tips, especially through the root cap; Hales in 1727 and de la Baikse in 
1733 supported Grew’s contention stating in addition that the role of root 
hairs was secondary. Many of the observers in the beginning of the nine¬ 
teenth century also believed that water and solutes were absorbed through 
the very tip of the root but in 1865 Sachs contended that the plant absorbed 
water from the earth by means of the root hairs, that the surface area of 
absorption was greatly increased by the presence of root hairs, and that 
volume absorption was proportionally increased. Subsequently, Schwarz 
calculated that the epidermal area in roots of corn was increased six times 
and in roots of peas twelve times when root hairs developed on these roots 
in moist air (10). 

Such outstanding investigators of the early part of the twentieth century 
as Jost, Molisch, and Pfeffer also maintained that the principal role of 
water absorption in hairy roots was played by root hairs but several of their 
contemporaries disagreed, especially de Lavison (11) and Coupin (11). 
In 1926 Popesco published an account of his extensive experiments carried 
out to determine the absorbing region of the root. From results based on 
indirect methods he concluded that the presence or absence of root hairs 
did not perceptibly influence the absorption of solutes and did not modify 
the limits of the absorbing region: “La presence ou 1’absence de poils 
radicaux n’influence pas sensiblement le phenomene d’absorption des solu¬ 
tions et ne modifie pas les limites de la region absorbante” (11, p. 136). 

More recent investigations have been made by Hoiin (7) and by SiERr 
and Brewig (15). H5hn concluded that it was very probable that root 
hairs were not able to increase the volume of water absorbed in water cul¬ 
tures and that the presence or absence of root hairs changed nothing in the 
quantitative conditions of water absorption in the various root zones. He 
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based his conclusions on duplicate potometric experiments with hairbearing 
and hairless roots of seedlings (Zea mays, Vicia fab a, and Tradescantia 
fluminensis). Sierp and Brewig, on the other hand, found that the region 
of greatest water absorption in Vicia faba roots was that section fifteen to 
eighty millimeters from the apex which ordinarily possesses root hairs; 
whereas the zone without hairs showed an uptake of an insignificant quan¬ 
tity. Their measurements were not made on the same roots which possessed 
hairs; observations were made on regions of roots which corresponded to the 
root hair regions of other roots. 

Modern texts in botany and more specifically, in plant physiology, 
written almost three hundred years after Malpighi’s publications, are in 
general agreement that the presence of root hairs increases the absorbing 
surface of roots to a marked extent and that “ nearly all water and salts 
which enter the plant from the soil do so through root hairs” (14) which 
are in intimate contact with the soil particles. Although investigations 
dealing with the problem of water absorption in roots have been carried out 
for centuries, no successful attempt appears to have been made to prove by 
direct means that the root hair per se is an absorbing mechanism. Con¬ 
sidering the vast amount of literature on many aspects of the general physi¬ 
ology of root hairs, it is surprising to find an absence of conclusive data on 
the question of whether or not the root hair does actually function as an ab¬ 
sorbing mechanism. The numerous investigators who worked on the prob¬ 
lem distinguished between regions with and without root hairs and between 
hairbearing and hairless roots, but they did not distinguish between absorp¬ 
tion through the surfaces of a root hair extension of the epidermal cell and 
absorption through the surface of an epidermal cell without such an exten¬ 
sion. Where root hairs are present, absorption might take place through: 
(a), the surface of the root hair extension; (b), the epidermal area at the 
base of the root hair extension; (c), the epidermal cells which have no root 
hair extension and which are located between the hairbeariug cells; (d), the 
hairless epidermal cells distal or proximal to the hairbearing regions. 

The problem of absorption of water and solutes by root hairs is one 
which involves a single hair; in a fundamental sense, therefore, it is a 
problem in cell dynamics since the epidermal cell with its root hair extension 
is a single cell. The superficial position of the hair cells on the surface of 
the root, their relatively rapid development and grow r th, the absence of 
chlorophyll, and the fact that they are uninucleate make them very favor¬ 
able material for numerous studies in cell dynamics. 

No doubt the chief reason that no conclusive investigation has been 
made to determine the role of the root hair as an absorbing mechanism re¬ 
sults from the difficulties of the technique involved in a realm of such small 
dimensions. As far as the author knows, the present study is the first to 
furnish quantitative data on the question of whether or not root hairs 
function in the absorption of water. The technique is a micromodification 
of that previously used by the author in studies on water absorption in the 
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onion root ( 12 ). This micromodification permits observations to be made 
on a single root hair. 

Micropotometers were constructed from glass capillaries and fastened 
in a horizontal position to a vertical support. Since the hairbearing epi¬ 
dermal cell elongates perpendicularly to the longitudinal axis of the root 3 
the hair extension was readily inserted into a single micropotometer. Ac¬ 
curate measurements of length were possible because the horizon of the root 
at the base of each hair and the terminus at the apex were definite. I> 
termination of the surface area exposed to the solution in a micropoto\ 
was simplified by the fact that the tubular hair extension is unif» 
diameter and ends in a blunt dome-shaped apex. The data repots 
this investigation were obtained from the root hairs of radish seedlings 
(Raphanus sativus). 

Apparatus 

Plates of thin glass, free from aberration, were fastened together with 
de Khotinsky cement to form the rectangular chamber N shown in figure 1. 
It is 5 cm. square and 11.5 cm. high. It fits into a depression, A, cut into 
the base, B, made of transite which had been immersed in hot paraffin to 
make it water tight. The base, B, which is supported by the rod, S, has 
four perforations each fitted with a guard made from glass tubing. Through 
these guards pass, respectively, a thermometer holder, 0, a movable glass 
rod “ window wiper/’ D, a movable root holder shaft, I, and a movable root 
“ adjustor,’’ F. The window wiper consists of a glass rod with a double 
bend; a piece of rubber tubing placed over the second bend serves to remove 
moisture from the glass wall facing the horizontal microscope. 

The seedling holder consists of a small saddle, E, attached to a small 
watch wheel in the frame, H, above the saddle. The saddle with the at¬ 
tached seedling is moved on its axis through the action of two watch wheels 
which are operated by moving the milled head, G, of a rod attached to one 
of them; this rod moves in the shaft, I, which has a collar, J, to support a 
clamp; by this means the root may be rotated on its axis. The wheels are 
thoroughly greased with vaseline and covered by a small rectangular box 
cut from a piece of lucite rod. The glass root adjustor consists of a section 
of rod with a double bend at the top end, the tip of which was drawn out to 
a delicate projection with a blunt curved terminus. The root adjustor was 
used to place the seedling in a suitable position in the seedling holder. 

The micropotometer support, K, is a glass rod pulled out to a very small 
diameter at the end on which two micropotometers, M, were attached with 
de Khotinsky cement. It is inserted through the glass guard, L, at the top 
of the chamber. This glass guard forms a rim 15 mm. in height attached to 
the edge of a hole 25 mm. in diameter cut through the chamber top. 

The glass guards are necessary to permit freedom of movement with 
horizontal or vertical displacement of the rods which pass through the vari¬ 
ous openings. In order to provide moisture- and air-tight seals with suffi- 
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cient movement at the perforations through which the rods pass, latex 
rubber finger cots are used. 

The pair of micropotometers, M, consists of glass capillaries made from 
carefully selected Pyrex tubing. Short lengths of tubing were pulled into 
fine capillaries of uniform bore and sections were cut from the capillaries 
to make the micropotometers. One end of each section was cautiously fired 
to constrict the inside diameter. This constricted end will be referred to as 
’V proximal opening and the other as the distal end. This constriction was 

'! > i 



Fig. 1.* Experimental chamber. See text for description. 


necessary in order to hold the meniscus at the proximal end of the micro- 
pptometer capillary. Micropotometers of different inside diameters were 
used in different experiments but each pair was made from adjacent sec¬ 
tions of a pulled capillary in order to match them. Dimensions of a typical 
micropotometer into which a single hair is inserted are: length, 10 mm.; 
inside diameter, 58.9 microns; diameter of opening at constricted end, 34.2 
microns. The micropotometer capillaries were too fragile to be handled by 
forceps. Each was handled by placing a minute drop of water on it and 
taking advantage of surface tension forces. 
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One micropotometer of each pair served as a control. The pair of 
micropotometers were cemented to the potometer support in such a way that 
the micropotometer used to test absorption extended beyond the control and 
was, therefore, nearer the hairs. With this arrangement it was possible to 
insert a single root hair into one micropotometer without permitting other 
hairs to come into contact with the control capillary. 

The glass rod, K, supporting the micropotometers and the collar, J, of 
the root holder support are each clamped to a micromanipulator not shown 
in the figure. An individual root hair is inserted into the proximal end of 
the micropotometer by adjustments made with the micromanipulators. 
All adjustments of the micromanipulators are made with the aid of a hori¬ 
zontal microscope fitted with a Pilar micrometer. By this means very deli¬ 
cate adjustments of the positions of either the root holder or micropotometers 
can be made without mechanical injury to the root hair. 

The apparatus used, including the horizontal microscope, was placed 
within an auxiliary chamber with a wide opening in front covered by a drop 
curtain of black sateen. This afforded an opportunity to permit develop¬ 
ment and growth of hairs on a seedling within the experimental chamber 
in the dark while other work necessitating light could be carried on in the 
laboratory at the same time. 

An indirect source of light is produced by a beam from a light placed 
at a distance of four feet from the w r all of the auxiliary chamber. The beam 
passes through a flat flask containing a solution of copper sulphate, and 
penetrates the auxiliary chamber through a small hole. The beam is re¬ 
flected from a concave mirror which was clamped to a micromanipulator. 
This provided a concentrated light which could be accurately placed on any 
region of the micropotometers, hairs, or the seedling. A fluorescent lamp 
placed within the auxiliary chamber provided a direct source of light. No 
precaution was taken to use a ruby light since Jeffs (8) found, using a 
wide range of candle powers for various periods of time, that the root hairs 
of Raphanus sativus showed no light-growth reaction. Tn most instances, 
in the present work, the. fluorescent lamp was used as the light source. It 
was usually turned on only when making measurements or setting up an 
experiment. 

Procedure 

The seeds were soaked for 24 hours and then germinated on wet filter 
paper in Petri dishes placed in the dark. The experiments were conducted 
in a fair-sized basement room with thick walls. It was possible to maintain 
a practically constant temperature when the room was not used for other 
experimental work involving the use of lights, etc. 

The experimental chamber was partly lined with strips of filter paper; 
the depression (A, fig. 1)‘ in the transite base and the finger cots attached 
to the guards in the base were filled with distilled water. In this way the 
floor of the experimental chamber was flooded with water, and the filter 
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paper strips were wet since they extended into the waller when the chamber 
was placed in position. 

Seedlings were placed in the experimental chamber either a few hours 
preceding the taking of measurements or the night before. In either case, 
data were obtained from hairs which developed in the moist atmosphere 
within the experimental chamber. The general procedure is as follows: 
the micropotometer support and the attached finger cot are removed from 
the top of the chamber and fastened in a clamp on a nearby stand. rubber 
stopper is fitted temporarily into the guard on top of the chamber. With 
the experimental chamber in the left hand, a seedling which has a short root 
is gently removed with forceps from a Petri dish and placed in the root 
holder where it is secured with a small amount of petrolatum. The chamber 
is quickly replaced and the glass root adjustor is manipulates! from the 
outside to make necessary adjustments of the seedling position; it is held 
in an upright position with respect to gravity. The micropotometers are 
filled and the supporting glass rod clamped to a micromanipulator by means 
of which it is lowered into the chamber having removed the rubber stopper 
from its top. The preparation is left undisturbed until readings are to be 
made. The micropotometers are then moved into a position in close proxim¬ 
ity to the hair selected for observation. With the aid of the microscope the 
hair is threaded into the proximal opening of the upper micropotometer by 
(a) moving the micropotometer over the root hair or by (b) moving the 
root holder and thus the hair into the micropotometer which in this case is 
held in a fixed position. This was possible without permitting the hair to 
come in contact with the glass surface and thus producing mechanical in¬ 
jury. Difficulty was experienced when the hairs were in close proximity, 
especially if the micropotometers touched adjacent hairs; root hairs are 
“sticky” and will adhere firmly to the outside surface of the capillaries. 

A special technique had to be developed to clean and refill the fragile 
micropotometers. Solutions were drawn into the capillaries by placing the 
proximal end in contact with the liquid. Solutions were forced out of the 
micropotometer capillaries by applying a fine jet of air or water at the 
distal end. Much care was exercised in cleaning and refilling the flexible 
micropotometers immediately following an experiment. 

Change in length of the water column within each micropotometer was 
determined by making consecutive measurements of the movement of the 
distal menisci with the Filar micrometer. A number of experiments were 
carried out to determine whether or not movement of the water menisci in 
the micropotometers occurred in the absence of (a) any seedling in the ex¬ 
perimental chamber and (b) in the absence of a root hair in the upper 
micropotometer when a seedling was growing within the experimental cham¬ 
ber. As will be shown later, movement of the distal menisci in the micro¬ 
potometers usually occurred in the absence of root hairs or of any seedling 
within the chamber. Such movement indicated that under the given con¬ 
ditions either evaporation occurred, or temperature changes produced vari¬ 
ations in the length of the water column in the micropotometers. 
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Since no constant temperature, constant humidity room was available, 
it was impossible to completely control these factors. Although movement 
of the distal menisci in both micropotometers occurred, the rate of move¬ 
ment in the upper capillary with all or part of the root hair immersed was 
significantly greater than the rate of the corresponding moving meniscus of 
the control capillary. The factors responsible for evaporation were un¬ 
known. A possible source of evaporation from the chamber itself was the 
upper latex finger cot around the glass guard, L, of figure 1. Inverting it 
and filling it with water, however, made an effective seal but movement of 
the distal menisci in both micropotometers continued. Various small in¬ 
equalities in vapor tension due to localized unstable conditions on different 
small surfaces might be responsible for evaporation. It may be that evapo¬ 
ration occurred from the surface of the meniscus at the constricted proximal 
opening as a result of a localized high vapor tension over its small curved 
surface as compared to a relatively lower vapor tension over the plane sur¬ 
face of the larger body of water flooding the chamber floor. According to 
Adam (1) “the vapour pressure over a convex surface is greater than that 
over a plane; and over a concave surface it is less.” He cites data obtained 
by Thoma ( 16 ) who showed that vapor pressure is greater with a smaller 
surface. The area of the proximal opening of the upper micropotometer, 
into which the hair was inserted, was greater than that of the lower micro- 
potometer, which served as a control, by the cross-sectional area of a typical 
root hair. In this way the areas of the water-vapor interfaces of the proxi¬ 
mal openings were comparable although their shapes were different. 

In order to determine volume absorption during unit time by a given 
region of an individual hair cell, the data obtained from volume displace¬ 
ment indicated by movement of the distal meniscus in the root hair micro- 
potometer during each interval were corrected for evaporation by subtract¬ 
ing data obtained from corresponding measurements of any movement of 
the control meniscus. Calculations of the velocity of water absorption were 
based upon the calculated volume absorption during unit time and measure¬ 
ments of the length and diameter of the immersed region. Although the 
apex of each hair was dome-shaped, no corrections were made for the vari¬ 
ation in diameter at the extreme tip; the slight variation in area due to 
curvature was considered negligible in the present experiments. 

The technique was subject to errors inherent in microscopic measure¬ 
ments. Errors due to readings were, of course, largest when the rate of 
movement of the distal menisci was slow since it was difficult to determine 
precisely a linear displacement of less than 2 microns. Percentage error 
due to readings, therefore, would depend upon the total linear displacement 
during any one interval; such displacement would be greater with capillaries 
of smaller diameter, other things being equal. An example of a relatively 
large difference in linear displacement during a ten-minute interval is 226 
microns in the root hair micropotometer capillary and 16 microns in the 
control capillary. Similarly, errors in the determination of surface areas 
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would be proportionately greater in root hairs of comparatively small 
diameters. 

An analysis of the tap water used in the experiments showed the follow¬ 
ing in p.p.m.: 

Total dissolved solids 143 

Ca 13.0 C0 3 12 Cl 30.0 

Mg 4.5 HC0 3 37 F 0.2 

Na 23.0 SO* 27 N0 3 0.6 

Measurements of hydrogen ion concentration showed a pH of 8.2 at 25° C. 
The osmotic pressure calculated from the freezing point lowering was 0.122 
atm. at 25° C. 

Results 

The diagram below the curves in figure 2 shows a root hair inserted 
through the constricted proximal opening (p) of a capillary micropotom- 
eter, the distal end (d) of which is also illustrated. The dotted line (m) 
indicates the position of the distal water meniscus at the beginning of an 
experiment and the arrow the direction of its linear displacement during 
absorption of water through the surface of the root hair extending into the 
mieropotometer. “Volume movement ,, or “volume displacement 77 of the 
distal meniscus in the control capillary and in the mieropotometer contain¬ 
ing the root hair, during unit time, was determined by multiplying the linear 
displacement of the distal meniscus in each by its corresponding cross- 
sectional area, neglecting curvature of the meniscus. Curve 1, figure 2, 
shows the average “volume movement’ 7 (cu. mm./min.) indicated by the 
distal meniscus in a capillary mieropotometer containing a root hair almost 
totally immersed during six consecutive ten-minute intervals; curve 2 shows 
the “volume movement 77 in the corresponding control capillary. The dif¬ 
ference in magnitude of the two curves indicates that a relatively large 
volume of water was steadily absorbed by the hairbearing epidermal cell 
through its immersed surface which was 0.0478 square millimeters. This 
difference in magnitude which gives the calculated volume of water absorbed 
in unit interval of time during each ten-minute interval is plotted in curve 
3 (ordinate on left). Curve 2 shows that a small non-uniform rate of 
“evaporation 77 was manifested by the control; the deviations, however, fall 
within the range which might be expected due to limitations in taking 
measurements. But the deviations from a constant volume absorption dur¬ 
ing each ten-minute interval as indicated by curve 3 {fig. 2) are greater 
than those which might be expected from experimental error; they point 
to a drift in the average velocity of absorption with time. These variations 
in the volume of water absorbed by the hair cell and “evaporation 17 from 
the control with time were evidently independent of observed temperature 
change. Curve 4, figure 2, was plotted from calculations obtained by di¬ 
viding the calculated volume of water absorbed during unit time through 
the surface of the root hair exposed to the solution by the area of this sur- 
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face determined from measurements of the length and diameter of the 
immersed region. It therefore shows the average velocity of absorption of 
water through the immersed region of the hair cell during each ten-minute 
interval. 


X I0~ 6 TEMP°C 



1368 MCRONS 

Fig. 2. Water absorption by a root liair almost totally immersed. Bata obtained 
from a seedling which had been placed in the experimental chamber the preceding evening, 
the hair under observation having appeared during the night, probably during the early 
morning hours. The seedling was selected from a Petri dish into which seeds had been 
placed four days earlier. The diagram below the curves shows the length of root hair 
immersed and the total length of the hair; p indicates the proximal and d the distal end 
of the micropotometer with the middle section not showing; m indicates the distal meniscus 
of the solution. Curves 1 and 2 show the average volume displacement indicated by the 
distal menisci in the root hair micropotometer and the control, respectively, during unit 
time (ordinate on left). Curve 3 shows the calculated volume of water absorbed by the 
hair in unit time (ordinate on left) and curve 4 the calculated velocity of absorption 
through unit surface (ordinate on right). Temperature readings were made at ten- 
minute intervals and the average of two successive readings plotted as the temperature 
during the intervals. 

r 

It is important to note that iD figure 2 and in all subsequent figures the 
ordinate for the velocity of absorption is on the right and that its scale is 
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different from that on the left. This was done in ordef to plot all the curves 
from a single experiment on one figure. The scale selected was a matter of 
convenience; the fact that curve 4 is nearer the base line than the other 
curves has no other significance. 

The curves of figure 3 show typical results obtained during experiments 
of several hours duration. The seedling was placed in the experimental 
chamber 30 hours after the seeds had been put into a Petri dish to germinate. 
There were no hairs on the short root when the seedling was placed in the 

MM 3 /MIN 



Fig. 3. Results obtained during a relatively long period of immersion. Total length 
of root hair, 798 p; length of immersed region, 570 area of surface exposed to water, 
0.027 square millimeters. See legend of figure 2 for explanation of the curves. Observa¬ 
tions u ere made at ten minute intervals for four hours and finally at the end of a 6-hour 
interval. 

chamber the night preceding the experiment. A young hair was selected 
for observation the next morning. It did not grow during its relatively long 
period of immersion but subsequent growth occurred in the moist chamber 
air during the following night. The average rate of evaporation from the 
control capillary was comparatively low during all ten-minute intervals 
throughout the first four hours of observation (cf. curve 2, fig. 3, with curve 
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Fig. 4. Absorption when different lengths of a single root hair are exposed during 
different time periods. The diagrams above curve 3 show the relative lengths of root 
hair immersed during different consecutive time periods which are numbered in Roman 
numerals below the base line. The breaks in each curve indicate the time during which 
the position of the hair in the micropotometer was changed. The different parts of curve 
1 are indicated by circles with a dot in the center; curve 2, by circles with lower half 
black; curve 3, by white circles; curve 4 by black circles. Bee legend for figure 2 for 
further explanation of curves 1, 2, 3, and 4. Curve 5 shows volume displacement indi¬ 
cated by the distal meniscus of the root hair micropotometer during unit time after the 
root hair was withdrawn; in this instance both capillary micropotometers served as 
controls. 


0—Q—'O = volume displacement in root hair cap. 
Q 0 -0 = volume displacement in control. 
0-0-0 = calculated volume absorption. 

= calculated velocity absorption. 
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2, fig. 2). The average rate of evaporation during t!he subsequent 6-hour 
interval was also low. No marked fluctuations in the rate of evaporation 
were observed. On the other hand, curve 1 shows not only an overall drift 
of volume displacement indicated by the distal meniscus in the root hair 
micropotometer but also pronounced deviations from interval to interval, 
especially after the second hour. The oscillations in curves 1, 3, and 4 are 
outside the range expected from experimental error; those of curve 2, within 
this range. Temperature variations also occurred; the temperature in¬ 
creased from an initial value of 26.9° to 28.75° C. at the end of 190 minutes; 
it then remained constant. The slopes of curves 3 and 4 are, in general, 
similar to the slope of the temperature curve, indicating a possible tempera¬ 
ture effect on the absorbing mechanism of the root hair; the slope of curve 
2 indicates a comparative absence of a temperature effect on the length of 
the water column in the control micropotometer and the rate of evaporation. 
Curve 4 shows that a fairly high average velocity of absorption of water was 
maintained throughout the ten hours of immersion. 

The curves in figure 4 were obtained from a root hair on a seedling 
placed in the chamber in the morning. Within a half hour of transference 
new root hairs appeared. Six hours later one of these hairs was selected 
to determine the velocity of water absorption through different surface 
regions along its longitudinal axis. The length of the hair was 1140 mi¬ 
crons. Pour different time periods are indicated by Roman numerals on 
the base line in figure 4. The initial temperature was 30.6° C.; it dropped 
to 30.2° during the third period, then rose to 30.4° in the fourth period. 
During the first period, which was 60 minutes in duration, observations 
were made w T hen the distal region immersed was 684 microns in length and 
the area 0.0324 square millimeters as illustrated in diagram a, figure 4. The 
root hair was then partially withdrawn from the micropotometer tube 
until the length exposed was 171 microns and the area 0.0081 square milli¬ 
meters (diagram b, fig. 4). Observations were again made during a second 
period which was only thirty minutes in duration. During a third period 
of thirty minutes duration, the root hair was completely withdrawn as indi¬ 
cated in diagram c in order to determine whether or not the distal meniscus 
in the root hair micropotometer would continue to move in the absence of 
the root hair. Finally, preceding a fourth period, the root was again moved 
(diagram a') to immerse the same hair region which was immersed during 
the first time period. Each curve in figure 4 shows breaks; each break indi¬ 
cates the time during which the position of the root hair was changed; the 
various parts of each curve have the same type of circles and represent 
data obtained during the corresponding time periods indicated on the base 
line. 

As in the preceding experiments, there was a relatively large difference 
between the volume displacement indicated by the distal menisci in the 
control (curve 2) and the root hair (curve 1) micropotometers when the 
root hair was exposed to water during intervals I, II, and III. When, how- 
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ever, the root hair was withdrawn (curve 5) the difference was slight. A 
comparison of the different parts of curve 3 shows that during period II 
when the hair was in position b and the area exposed was 0.0081 square 
millimeters, the calculated volume of water absorbed during unit time was 
less than that absorbed during unit time in periods I and IV when the root 
hair was in position a or a' and the area exposed was 0.0324 square milli¬ 
meters. Although the area exposed, during periods I and IV, was four 
times greater than that exposed during period II, no such marked difference 
was observed in volume intake during unit time. This may be partially ac¬ 
counted for by examining curve 4, figure 4, which shows the average velocity 
of absorption of the surface exposed during the different intervals. 

A comparison of the different parts of curve 4, figure 4, shows that when 
the length of root hair in the micropotometer was reduced to one-fourth 
(from 648 microns in position a, period I, to 171 microns in position b, 
period II), the average rate of water intake through unit surface area was 
tripled . When, during period IV, the length was again increased to 648 
microns (in position a', period IV), the average velocity of absorption mani¬ 
fested by each unit of surface decreased to its initial value. This indicates 
that the average velocity of absorption per unit area at the tip of the root 
hair is much greater than that per unit area in regions relatively more 
proximal under the particular conditions of the experiment. It does not, 
however, show whether or not the same velocity obtained at the tip when 
it Avas in position a or a' as when it was in position b. Although the tem¬ 
perature was constant during most of the first and all of the second period, 
variations appeared in the velocity of intake and the volume absorbed 
during unit time. 

The curves of figures 5 and 6 were also obtained from individual hairs 
by varying the region observed during different time periods. Observa¬ 
tions were made on water absorption by three different root hairs (A, B, C), 
each on a different root. The three experiments were run on different days; 
in each the seedling was placed in the chamber the preceding night. Root 
hair A was 874 microns long; the region inserted into the micropotometer 
during time periods I and III Avas 722 microns in length and 0.019 square 
millimeters in area (diagrams a and a'); during period II the distal half 
of this area (diagram b) was exposed to water. Root hair B was practically 
twice as long (1710 microns) as root hair A; half of its length (immersed 
area: 0.031 sq. mm.) was inserted during periods I and III (diagrams a and 
a') ; one-fourth of its length (immersed area: 0.0155 sq. mm.) during period 
II (diagram b). An inspection of curves 3 and 4 for each root hair shows 
that although the calculated volumes of water absorbed per unit interval 
of time (curve 3) were reduced during period II when the area of absorption 
was reduced by one-half, the average velocity of absorption (curve 4) was 
greater than that observed during periods I and III. During period II, 
almost one-half of the total area of root hair A was exposed to water and 
one-fourth of the total area of root hair B. It is interesting that in root 
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hair B where a proportionately smaller region of tie distal end of the hair 
was exposed, the volume decrease in absorption per unit time was less, and 
the increase in velocity per unit area was greater, than that observed in root 
hair A; although in period II of each experiment the area exposed had been 
reduced by one-half. The significance of this fact is more apparent when 
the variations in the curves of root hair C (fig. 6) are compared. 

Root hair C (fig. 6) was 1387 microns in length; the regions immersed in 
the micropotometer during periods I, II, and III were respectively 760, 380, 
and 190 microns in length and 0.0224, 0.0112, and 0.0056 square millimeters 



Fig. o. Absorption by different regions of different root hairs. Curves for two 
diffeient root hairs (A, B), eaeh on a different seedling, are given. See legends of 
figures '2 and 4 for explanation of curves. 

in area in the respective positions indicated by diagrams a, b, and c. The 
root hair was then completely withdrawn as indicated in diagram d, period 

IV, and observations were made on both micropotometers as controls (curves 
2 and 5, period IV). Subsequently, observations were made during periods 

V, VI, and VII when a reverse procedure was used, increasing the area of 
exposure at stated intervals. The curves obtained during periods III and 
V are, therefore, comparable as are the curves for periods II and VI, and I 
and VII—since the same regions were exposed although at different times. 
The average total volume of water absorbed (curve 3) during unit time is 
greatest, and the average velocity of absorption (curve 4) is least, during 
periods 1 and VII when the areas of exposure were greatest. With di¬ 
minishing area, a decrease in the average volume of absorption per unit 
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time and increase in the average velocity of absorption appeared; the re¬ 
verse was true with increasing area. 

Although diminution of area occurred within the micropotometer when 
the root hair was partially withdrawn, the actual absorbing area might have 
been greater than the observed diminished area due to a possible residual 
film of water along the sides of the hair when it was partially withdrawn. 
If so, the observed increase in velocity was only an apparent increase. At¬ 
tention, however, is called to the fact that in the experiments from which 
the curves in figure 6, root hair C, and figure 4 were obtained, the hair was 
completely withdrawn for over an hour and then reinserted by increasing 
the area at specified intervals. In further experiments, not reported, similar 
results were obtained. In the reverse procedure, opposite results would 
be expected if the observed area were less than the actual area when the hair 


mmVmin 

X 10 ~ 6 temp c 



MINUTES 

Fig. 6. Absorption by different regions of an individual root hair. See legends of 
figures 2 and 4 for explanation of curves. 

was withdrawn. Hence, the data obtained in the experiments during 
which the area of immersion was varied in different periods show that when 
the area of exposure was confined to the relatively distal end of the hair, 
the average velocity of absorption per unit area was actually greater than 
that manifested when the area of exposure included not only the distal end 
but proximal regions also. This indicates either that the average velocity 
of water entry in the region at the tip was markedly different when the area 
of exposure was varied and that this difference was due to changes produced 
by varying the area} or that varying the area did not produce the observed 
increase in average.telocity of absorption, and that this increase indicates a 
distinct polarity jn the distribution of velocity of absorption along the 
longitudinal axis of the individual hair cell, higher velocities occurring in 
relatively mpre distal regions. A final test to determine whether or not 
such a polarity exists in the type of hairs studied would be simultaneous 
measurement of water absorption in different regions of an individual hair 
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employing a technique similar to that used by the ^author in work on the 
onion root (13). It might also be that a compensating mechanism and a 
distinct functional polarity are both present. 

Discussion 

For the first time, after many decades of conflicting opinion and specu¬ 
lation beginning with the early microscopists, quantitative data have been 
obtained in support of the many writers who have maintained without di¬ 
rect experimental evidence that root hairs function in the process of water 
absorption. It has been claimed by many workers that root hairs play a 
primary role in absorption of water from the soil. The increase in surface 
area due to the presence of root hairs has been determined by numerous in¬ 
vestigators. But the question as to what extent root hairs will facilitate 
absorption by increasing the surface exposed to the external solution is 
one which cannot be answered by mere determination of the surface area; 
it is necessary in addition to determine the velocities of absorption of both 
hairbearing and adjacent hairless epidermal cells. In the onion root (12) 
the comparatively larger share of water intake by relatively older root 
regions expresses itself as a larger capacity for absorption. Relatively 
high velocities of absorption in the hairless epidermal cells could compensate 
for lower rates over a larger area of hair surfaces. The new technique com¬ 
bined with that used by the author in onion root studies provides, for the 
first time, a method for obtaining quantitative data on this question. 

Since no measurements of water absorption by the hairless epidermal 
cells of radish roots are as yet available, it is interesting to compare the 
velocities of absorption of hairless epidermal cells of the onion root with 
results obtained on the hair cells in this investigation. Although, in a strict 
sense, a comparison is not valid since different types of plants and different 
solutions were used, the comparison indicates that the velocity of absorption 
by the hair cell falls within the range of velocities exhibited by hairless 
cells. In the present investigation the maximum velocity observed in a hair 
cell of the radish root was 31 x 10 4 cu. mm./sq. inm./min. The significance 
of this value as a maximum remains to be shown as the work on hair absorp¬ 
tion has only started. In the onion root the average velocities of absorption 
from Hoagland’s solution by the hairless cells in the vicinity of the regions 
of elongation and meristem are lower than this value; in regions 45 mm. 
from the root tip, the velocities of absorption of distilled water may be as 
high as 84 x 10 4 cu. mm./sq. mm./min. or as low as 4 x 10 4 cu. mm./sq. mm. 
/min. (13). Minimum velocities observed in hair cells were 2 to 3xl0~ 4 
cu. mm./sq. mm./min. 

Raphams sativns is one of the 87 species of plants reported by Farr 
(B) which form hairs in water. Although root hairs develop on radish 
seedlings in either tap water or moist air, no elongation of an individual 
hair was observed during the period of immersion in the experiments re¬ 
ported in this paper. Elongation, however, was resumed after the period 
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of immersion, showing that the inhibition was reversible. This phenomenon 
is in agreement with observations by other investigators who have noted 
that reversible inhibition of elongation of root hairs frequently occurs when 
a seedling is transferred from one medium to another (6, 17). The ex¬ 
perimental chamber itself served as an excellent culture chamber for the 
individual seedlings which formed an abundance of parallel straight hairs 
with uniform diameter at right angles to the root. No abnormalities of 
growth were observed and rupturing of hair cells rarely occurred except 
as a result of mechanical injury. There was an absence of visible expansion 
or contraction of the root hair within the limits of micrometer readings. 

The experiments furnish strong evidence for unequal absorption in 
different areas of the individual cell under the given conditions. This shows 
that a comparison on the basis of surface is of great importance. It might 
be that there is also a functional polarity of water absorption along the 
longitudinal axis of the root hair when totally immersed, with the greatest 
velocity of absorption at the apical end. Further experimentation is neces¬ 
sary to establish this as a fact. The phenomenon of cellular polarity has a 
special interest to the general physiologist; no data have been reported 
heretofore which definitely show that different minute regions of a single 
cell absorb water at different rates. Chambers and Kerr (2) found that 
the wall of the root hair (Limnobium spongia) in both living and dead cells 
was more freely permeable to ammonia at the tip than elsewhere; Chambers 
and Kempton (3) have reported a characteristic polarity of the proximal 
tubules of the chick embryo; the cells absorb phenol red from the external 
medium on one side and transfer it through the cell and out into the lumen 
of the tubule on the other side. Lund (9) found a distinct polarity in 
filamentous algal cells with respect to the distribution of bioelectric po¬ 
tentials along the longitudinal axis; the highest E.M.F. appeared at the 
apical growing point of the apical cell and in the apical regions of adjacent 
cells. 

The data do not show which factors are responsible for the observed 
differences in velocity exhibited by different regions; on the one hand, they 
might be due to intracellular differences in metabolic energy or osmotic 
energy; on the other hand, they might be due to physical characteristics of 
the limiting membranes. Tt will be of extreme interest and importance to 
determine the effect of the presence or absence of oxygen, and the effect of 
poisoning with narcotics, cyanide, and other respiratory poisons. The tech¬ 
nique employed in the present experiments provides for the passage of 
gases through the sealed chamber and for the absorption of different sub¬ 
stances from the micropotometers. It therefore serves as a unique tool to 
study the factors which regulate the entry of water into the single hair cell. 

Of particular interest in connection with determination of the physical 
or metabolic factors responsible for the differences in velocity of absorption 
over the surface of an individual root hair observed in the present work is 
the presence of the nucleus at or near the tip of the radish hair and the 
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differences in the structure of the cell wall. The structure of the radish root 
hair has received some attention from Cormack ( 4 ) who worked chiefly 
with varieties of Chinese cabbage but used other plants to test the general 
applicability of his conclusions. He reports that the wall of a normal hair 
has a cellulose and a pectic layer continuous with corresponding layers in 
the epidermal cell; that while the root hair is growing the cellulose layer 
is soft and easily hydrolyzed and gives every indication of being uniform 
over the whole surface; that the pectic layer on the sides of the hair is of 
firm calcium pectate; and the same is true of the parent cell walls. On 
the dome-shaped tip the layer is composed either of pectic acid or of a 
softer calcium pectate. In the mature hair the cellulose wall is less easily 
hydrolyzed and the surface is covered by a layer of calcium pectate of the 
firmer type. A comparison of the intake of water by young root hairs with 
that of old root hairs may throw light on numerous problems and since the 
root hairs of certain water plants (2) have nuclei at the base of the hair, 
they can serve as material for comparative studies on the relation of the 
nucleus to polarity. 

Of further interest is the elucidation of the role played by cortical cells 
adjacent to the hairbearing epidermal cell as well as cells beyond the cortex. 
In order that continuous water entry might take place in a cell which does 
not increase in volume there must be a continuous transfer of water to ad¬ 
jacent cells. The speed of absorption may be determined by resistance to 
passage of water offered by such adjacent cells. The author has developed 
a method to study this problem. 

The technique lias a peculiarly significant relation to problems of soil 
science. Individual micropotometers simulate capillary passages in the soil 
and this method provides an approach to the problem of determining why 
different plants do not avail themselves equally of soil moisture. 

Summary 

3. A microtechnique which may be applied to a quantitative study of the 
absorption of water and solutes by an individual root hair cell is described. 

2. The results furnish for the first time quantitative data in support of 
the many investigators who have maintained, without direct experimental 
evidence, that root hairs function in the process of water absorption by 
higher plants. 

3. Measurements were made on the absorption of tap water by individual 
root hairs of young radish (Raphanns sativus) seedlings. The maximum 
average velocity of absorption observed under the particular conditions 
described was 31 x 10 4 cu. mm./sq. mm./min.; the minimum was 2xl0~ 4 
cu. mm./sq. mm./min. 

4. The data furnish strong evidence for unequal absorption in different 
areas of a single hairbearing epidermal cell under the particular conditions 
described. 
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5. Attention is called to how the microtechnique described furnishes a 
unique tool to study factors which regulate the entry of water and solutes 
into a single cell and in higher plants. 

Grateful acknowledgement is made to my technical assistant A. A. 
Horae for his aid in this investigation and to Professor E. P. Schoch, of 
the Bureau of Industrial Chemistry, for tap water analysis. 

The University Dll' Texas 
Austin, Texas 
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EFFECTS OF IRON ON THE GROWTH AND ASH CONSTITUENTS 
OF ANANAS COMOSUS (L.) MERR. 1 

C. P. Sidebis, H. Y. Young, and B. H. Krauss 
(with eleven figures) 

Introduction 

Studies on the iron requirements of Ananas comosus (L.) Merr. grown 
under Hawaiian conditions have been made at different times by various 
investigators (13, 14). The consensus of most investigators has been that 
manganese (13, 14) and calcium '( 6 , 7) either through the precipitation of 
water-soluble iron in the soil or in the tissues of the plant were able to cause 
chlorosis in A. comosus . Other conditions, such as different degrees of 
acidity known either to favor or inhibit the solubility of iron, received at 
times only little or no attention, probably because methods for measuring 
H-ion concentrations either electrometrically or eolorimetrically had not 
gained widespread recognition during the first two decades of this century 
and their application to agricultural problems was at that time in its initial 
stages. 

This paper presents data and a discussion on the effects of “plus-” and 
“minus-iron” cultures on plant growth and other physiological conditions 
affecting the values of dry matter, water, ash, electrical resistance, potas¬ 
sium, calcium, magnesium, phosphorus, iron, and manganese in the tissues 
of A . comosus grown in solution cultures supplied either with nitrate or 
ammonium salts as sources for nitrogen. 

The object of growing plants in solution cultures supplied with nitrate 
or ammonium salts was to study the effects of changes in opposite directions 
in the H-ion concentration of these solution cultures on the availability of 
iron to plants. It was observed in former studies that in the course of 
2-week intervals H-ion concentrations decreased gradually in nitrate-nitro¬ 
gen cultures from pH 4.4 to 6.8, and they increased in ammonium-nitrogen 
cultures from pH 6.6 to 4.2. 

Methods 

Cultural procedures 

Slips (shoots at the apex of vestigial fruits produced laterally on the 
peduncle) from plants of a single clone of uniform quality and weight were 
grown for one month in tap water for the formation of roots of approxi¬ 
mately uniform length and of equal numbers. They were then transferred 
to nutrient solution cultures supplied either with nitrate or ammonium salts 
and other nutrient elements, and either with or without iron, as reported in 
table L Each trejStment^included 16 plants. The various C.P. chemicals 
employed for the preparation of the nutrient solutions had not been treated 

i Published with the approval of the Acting Director as Technical Paper no. 146 of 
the Pineapple Research Institute, University of Hawaii. 
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in any way to remove the slight contaminations of iron they contained, and 
our definition of “minus-iron” cultures is subject to the iron content limi¬ 
tations of C.P. chemicals. 

The volume of the containers was approximately 18 liters and the solu¬ 
tions were changed at 2-week intervals. The cultures were constantly 
aerated and the plants were allowed to grow for about one year; that is, as 
near as possible to the flowering period. Eight plants from each treatment 
were then harvested, weighed, and sectioned, following the technique re¬ 
ported in a former publication (23), and analyzed according to methods 
reported below. 


TABLE I 


Composition op nutrient solutions 


Salt 

Molar 

Ele- 

Nitrate series 

Ammonia series 

conc. 

MENTS 

-Fe 

+ Fe 

-Fe 

+ Fe 

Ca(NO,) 2 . 

0.001 

N 

mg./I. 
28.0 

mg./I. 
28.0 

mg./I. 

mg./I. 

(NH,)jS0 4 . 

0.001 

N 


. .. 

28.6 

28.0 

K£O a . 

0.0005 

K 

58.5 

58.5 

58.5 

58.5 

KH 2 P0 4 . 

0.0005 

P 

15.5 

15.5 

15.5 

15.5 

Ca(NO,) 2 . 

0.001 

Ca 

40.0 

40.0 

.... 

.. .. 

CaCl* . 

0.001 

Ca 



40.0 

40.0 

MgS0 4 . 

0.001 

Mg 

24.0 

24.0 

24.0 

24.0 

KoS 0 4 , MgS0 4 ... 

0.0015 

S 

48.0 j 

51.0 



KaSO,, MgS0 4 , 
(NH 4 ),S0 4 ... 

0.0025 




80.0 

83.0 

OaCl, . 

0.001 

Cl 

o:o 

o’o 

72.0 

72.0 

FeSO, . 

0.0001 

Fe 


5.0 

.. . 

5.0 

Mn, B . 


Micro. 

0.5 

0.5 

0.5 

0.5 

Zn, Cu, I . 


Micro. 

0.1 

0.1 

0.1 

0.1 


Chemical procedures 

For an analysis of the ash constituents, 2 grams of oven-dried plant 
tissues from a composite sample of 8 plants were ashed in a platinum dish. 
The ash w r as dissolved in 100 ml. of an aqueous solution of 1.85 per cent, 
hydrochloric acid. The mixture was then filtered to remove suspended 
particles of silica and different aliquots of the filtrate were taken for the 
determination of the various elements mentioned below. 

Potassium was determined by the Nitroso-R-salt colorimetric method 
(18) in a 5-ml. aliquot of the above solution. A 50-ml. aliquot of the solu¬ 
tion was used for determining calcium. This was neutralized with 5N 
sodium hydroxide using phenolphthalein as indicator, then acidified with 

1 ml. of a 50 per cent, solution of acetic acid and subsequently treated with 

2 ml. of a 4 per cent, solution of ammonium oxalate. The mixture was 
allowed to stand overnight, then filtered through asbestos pulp and washed 
2 times successively with 20 ml. of water. The precipitate was titrated with 
0.05 N potassium permanganate according to the usual procedure and the 
filtrate was employed for the determination of calcium. An aliquot of the 
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filtrate from the analysis of calcium, representing 10 ml. of the original 
volume of the solution, was taken for the determination of magnesium. The 
8-hydroxy quinoline colorimetric method ( 20 ) was employed for the deter¬ 
mination of magnesium. Phosphorus was determined as phosphate-phos¬ 
phorus in a 2-ml. aliquot of the original solution using the method of 
Berenblum and Chain (2) as modified by the senior author (22). The 
determination of iron was conducted in a 10-ml. aliquot employing the 
a-a-dipyridyl method of Hill (11) and the orthophenanthroline of Say well 
and Cunningham (17). Only the results obtained by the a-a-dipyridyl 
method are reported here. The determination of iron with a-a-dipyridyl, 
as conducted by the authors, deviated in certain respects from the original 
method. The 10-ml. aliquot w&s neutralized with NaOH using phenol- 
phthalein as indicator and then treated immediately with 1 ml. of a 20 per 
cent, solution of glacial acetic acid. The ferric iron was reduced with 2 ml. 
of a 5 per cent, solution of sodium metabisulphite or pyrosulphite (Na 2 S 2 0 5 ). 
It was found that most samples of Na 2 S 2 O ri gave a very slight positive test 
for Fe ++ and it was necessary to run a blank at the same time for correction. 
Manganese was determined in a 10-ml. aliquot using the improved formal- 
doxime colorimetric method of the senior author ( 21 ). 

Statistical procedures 

The significance of the difference between the means of the total plant 
weights of the “plus-iron” and “minus-iron” cultures of the nitrate- and 
ammonium-nitrogen series was calculated according to Fisher (4, p. 114). 

The statistical significance of the differences between the amounts of dry 
matter, ash, potassium, calcium, magnesium, phosphorus, iron, and manga¬ 
nese in various sections of the plants of the various cultures was calculated 
from Conrad's (3) modification of Bessel's formula. 

The significance of the Z values from the above calculations was obtained 
from Student’s table, as calculated by Love (15). A summary of the sig¬ 
nificance of the Z values of the various items is presented in table VIII. 

Results 

The data concerning plant growth, dry matter, water content, ash and 
electrical resistance of different sections of the leaves, stem and roots are 
presented in tables II to V and in figures 1 to 5. Synoptic expressions have 
been introduced to replace longer ones for certain often repeated appella¬ 
tions. Thus the series nitrate-nitrogen will be designated by N-n and 
ammonium-nitrogen by A-n. Also the cultures “plus-iron” will be desig¬ 
nated by F and “minus-iron” by O. 

Plant weights 

The data on plant growth in table II and in figure 1 show that the 
weights of the plants of the F cultures of the N-n series were 33 per cent, 
greater than those of the plants of the 0 cultures. The plants of the F and 
0 cultures of the A-n series presented no significant differences in weights. 
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TABLE II 

Mean, standard deviation, coefficient of variability, and probable error of the 

MEAN OF PLANT AND ROOT WEIGHTS AND OF LENGTHS AND WIDTHS OF THE MATURE 
(C) AND ACTIVE (D) GROUPS OF LEAVES OF A. C0m08US GROWN IN PLUS- OR 
MINUS-IRON SOLUTION CULTURES AND SUPPLIED WITH NITRATE SALTS AS 
SOURCES FOR NITROGEN 




Minus iron 



Plus iron 





Leaf groups 



Leaf groups 


Plant 

Boots 

Mature 

(C) 

L.* W* 

Active 

(D) 

L. W. 

Plant 

Roots 

Mature 

(C) 

L. W. 

Active 

(D) 

L. W. 


gm. 

gm. 

cm. 

cm. 

gm. 

gm. 

cm. 

cm. 

M 

2510 

382 

64.0 5.8 

80.0 6.4 

3315 

406 

77.0 6.2 

94.0 6.8 

a 

369 

61 

8.0 0.4 

5.0 0.6 

455 

83 

5.0 0.3 

10.0 0.4 

CV 

35 

16 

12.0 7.0 

5.0 9.0 

14 

1 20 

6.0 5.0 

11.0 6.0 

PE 

No. of 

78 

13 

1.7 0.09 

1.1 0.13 

93 

17 

1.0 0.06 

2.0 0.08 

plants 

10 

10 

10 

i 

10 

11 

11 

11 

11 


* L. = length; W. = width. 


This suggests that contaminations of iron in the C.P. nutrient salts were 
sufficient for growth of the plants under the gradually increasing H-ion 
concentration of the nutrient solutions of the A-n series, which made all 
traces of iron available to plants. Calculation of the significance of the 
difference of the means of the total plant weights, according to the method 
of Fisiier as mentioned above, shows that in the N-n series total weights 
were very significantly greater (100: 1) in the F cultures. 

The weights of roots were not as much affected by either the source of 
nitrogen or amounts of iron as those of the stem and leaves according to the 
data in tables II and III and in figure 1, and observed differences lacked 
significance. 


TABLE III 

Mean, standard deviation, coefficient of variability, and probable error of the 

MEAN OF PLANT AND ROOT WEIGHTS AND OF LENGTHS \ND WIDTHS OF THE MATURE 
(C) AND ACTIVE (P) GROUPS OF LEAVES OF A. CO m OS US GROWN IN PLUS- OR 
MINUS-IRON SOLUTION CULTURES AND SUPPLIED WITH AMMONIUM SALTS 
AS SOURCES FOR NITROGEN 




Minus iron 



Plvs iron 





Leaf groups 



Leaf groups 


Plant 

Roots 

Mature 

(C) 

L-* W.* 

Active 

o>) 

T,. W. 



Mature 

(C) 

L. W. 

Active 

a>) 

L. W. 


gm. 1 

gm. 

cm. 

cm. 

gm. 

gm. 

cm. 

cm. 

M 

3176 

368 

71.0 6.2 

86.0 6.7 

3151 

299 

75.0 6.4 

83.0 6.6 

CI 

475 

50 

6.0 0.6 

5.0 0.3 

533 

64 

6.0 0.6 

6.0 0.6 

CV 

15 

14 

8.0 30.0 

6.0 4.0 

17 

21 

8.0 9.0 

7.0 9.0 

PE 

No. of 

97 

10 

3.2 0.12 

1.0 0.06 

328 

15 

1.4 0.14 

1.4 0.14 

plants 

n 

11 

11 

11 

8 

8 

8 

! 

8 


* L. = length; W. = width. 
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Dry matter 

The weights of dry matter, reported in table IV and in figure 2, differed 
for comparable sections of the leaves and stem of the plants of the different 
treatments. The significance of such differences is discussed in greater 
detail below. The values of dry matter, depicted in figure 2, show that they 


M/NUS F£ =» 
PLUS * ■—i 



Fig. 1. Growth of pineapple with nitrate and ammonium, with and without iron. 

were greater for the F than for the 0 cultures. Exceptions were the basal 
(no. 1) and transitional (no. 2) sections of the leaves of the 0 cultures of 
the N-n series where the high values of dry matter resulted from decreased 
tissue succulence through a diminished rate of plant growth. The sub¬ 
stances which contributed greatly to the high values of dry matter in plants 
of the F cultures of both series were sugars, starches, etc., as will be shown 
in a subsequent publication. 
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Fig. 2. Dry matter production on nitrate or ammonium, with or without iron. 


Water 

The moisture content values of the different sections of the leaves, stem, 
and roots were inversely proportional to those of dry matter, as shown in 
table IV and in figure 3. The moisture content was generally higher in 


TABLE IV 

Milligrams of water, dry matter, and ash per gram of fresh tissue and electrical 

RESISTANCE (OHMS) OF THE EXTRACTED SAP IN DIFFERENT SECTIONS OF THE LEAVES, 
STEM AND ROOTS OF ONE-YEAR-OLD PLANTS OF A. COnWSUS GROWN IN PLUS- OR 
MINUS-IRON SOLUTION CULTURES AND SUPPLIED WITH NITRATE SALTS 
AS SOURCES FOR NITROGEN 


Plant sec tions 

Minus iron 

Plus iron 

Water 

Dry 

MAT¬ 

TER 

Ash 

Ohms 

Water 

Dry 

MAT¬ 

TER 

Ash 

Ohms 

Leaves: 

mg. 

mg. 

mg. 


mg. 

mg. 

mg. 


Old (B) 1+2 (base) 

860 

140 

7.70 

79.8 

861 

139 

9.32 

78.2 

3 

873 

127 

12.57 

54.0 

866 

134 

14.60 

57.0 

4 

859 

141 

16.90 

48.6 

853 

147 

17.05 

50.5 

5 (tip) 

848 

152 

18.57 

45.6 

833 

167 

17.20 

49.8 

Mature (C) 1 (base) 

875 

125 

7.12 

92.5 

878 

122 

6.10 

100.0 

2 

868 

132 

10.18 

66.0 

877 

123 

8.86 

67.2 

3 

876 

124 

14.90 

52.8 

869 

131 

13.36 

57.0 

4 

868 

132 

17.95 

48.0 

869 

131 

14.92 

50.4 

5 (tip) 

848 

152 

20.50 

46.8 

819 

181 

18.20 

45.0 

Active (D) 1 (base) 

894 

106 

6.15 

82.2 

898 

102 

6.38 

84.0 

2 

874 

126 

8.06 

70.8 

871 

129 

8.12 

74.4 

3 

872 

128 

11.34 

56.4 

869 

140 

10.93 

57.0 

4 

864 

136 

15.76 

49.2 

844 

156 

13.90 

49.8 

5 (tip) 

846 j 

154 

19.10 

43.2 

825 

175 

14.00 

44.4 

Young (E) 1 (base) 

913 

87 

7.84 

72.6 

922 

78 

7.25 

66.0 

2 

895 

105 

7.98 

78.0 

896 

104 

7.70 

77.4 

3 

870 

130 

10.67 

60.0 

865 

135 

9.80 

63.0 

4+5 (tip) 

846 

154 

14.50 

51.0 

829 

171 

11.28 

48.6 

Stem : 








t 

Base . 

805 

195 

15.60 

58.2 

819 

181 

14.10 

61.8 

Middle . 

829 

171 

21.90 

48.2 

829 

171 

18.95 

48.0 

Apex . 

876 

124 

16.00 

52.2 

860 

140 

15.50 

52.2 

Roots . 

852 

, 148 

4.73 

110.0 

836 

164 

7.38 

114.0 
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TABLE V 

Milligrams op water, dry matter, and ash per gram of fresh tissue and electrical 

RESISTANCE (OHMS) OP THE EXTRACTED SAP IN DIFFERENT SECTIONS OP THE LEAVES, 
STEM AND ROOTS OP ONE-YEAR-OLD PLANTS OF A. COmOHUS GROWN IN PLUS- OR 
MINUS-IRON SOLUTION CULTURES AND SUPPLIED WITH AMMONIUM 
SALTS AS SOURCES FOR NITROGEN 


Minus iron 


Plus iron 


Plant sections 
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I 

sections containing meristematic tissues than in tissues of advanced chrono¬ 
logical and physiological age. Moisture content values were greater in most 
plant sections from the 0 than F cultures of both series. Exceptions were 
the basal sections of leaves and apical ones of the stem of the N-n series. 

The moisture content was generally higher for the plants of the A-n than 
of the N-n series, a phenomenon aJso observed in former studies (23). 

Ash 

The ash values, reported in table V and in figure 4, were generally higher 
for the plants of the N-n than of the A-n series. Differences between the 
ash content of the F and 0 cultures were not generally consistent. Many 
of the leaf and stem sections from the O cultures of the N-n series contained 



Fio. 4. Ash content of tissues from plants grown on nitrate or ammonium, -with or 
without iron. 

more ash than comparable sections from the F cultures of the same series. 
This might have resulted from so-called concentration effects, that is, from 
salt accumulations caused by differences in the weights of the plants of the 
different treatments rather than from differences in the rates of ash con¬ 
stituents entering their tissues. The results obtained from the A-n series 
indicate that slightly greater concentrations of ash-forming elements had 
accumulated in the tissues of most sections of the plants of the F than of 
the 0 cultures. Evidence (below) suggests that ammonium ions (NH 4 + ) 
decrease or retard the absorption of other cations, especially of calcium, 
which might account for the generally lower values of ash in the plants of 
the A-n series. 

Electrical resistance 

The values of the relative electrical resistance (ohms) of the extracted 
sap of the various sections, reported in tables IV and V and in figure 5, 
were higher, with a few exceptions, in the sections of the plants of the F 
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than 0 cultures of the N-n series. This relationship was reversed in the A-n 
series. Electrical resistance values were approximately inversely propor¬ 
tional to ash values for comparable plant sections, as shown in tables IV and 
V. Owing to the fact that such values may be increased by weak electrolytes 
such as carboxylic acids or amino acids which occur in various amounts in 
different plant sections, or decreased by non-electrolytes such as sugars 
through interference of ionic movements, they are of limited value for pre¬ 
dicting total ash values because they represent the sum total of the con¬ 
ductance of all inorganic and organic electrolytes and non-electrolytes. 

Potassium 

The data reported in tables VI and VII and in figure 6 show that the 
plants of the 0 cultures of the N-n series contained, with few minor excep- 



Fig. 5. Electrical resistance of sap from plants grown on nitrate or ammonium, with 
or without iron. 

tions, slightly higher amounts of potassium than those of the P cultures 
of the same series. Moreover, they suggest that the rate of potassium absorp¬ 
tion by the plants of the 0 cultures of the N-n series remained constant, 
while that of growth was appreciably reduced by the lack of adequate 
amounts of iron, resulting in a greater concentration of potassium per plant 
volume. The reverse of this condition occurred, with the exception of a 
few terminal (no. 5) leaf sections, in the plants of the 0 cultures of the A-n 
series which contained slightly smaller amounts of potassium than those of 
the F cultures. Comparing the amounts of potassium in the plants of the 
F cultures between the N-n and A-n series, we observe that they were 
slightly greater in many sections of the plants of the latter than former 
series. The concentration gradient of potassium between the basal and the 
terminal sections of the leaves varied from 200 to 400 per cent, in different 
groups of leaves, whereas in the stem it varied relatively little. 

Calcium 

The differences in the amounts of calcium between the plants of the 0 
and F cultures of the same nitrogen series were relatively small as reported 





























TABLE VI 

Milligrams op potassium, calcium, magnesium, and phosphorus, and micrograms of iron and manganese per gram op fresh tissue in dif¬ 
ferent SECTIONS OP THE LEAVES, STEM AND ROOTS OF ONE-YEAR-OLD PLANTS OF A . COmOSUS GROWN IN PLUS- OR MINUS-IRON SOLUTION CUL¬ 
TURES AND SUPPLIED WITH NITRATE SALTS AS SOURCES FOR NITROGEN 


SIDERIS ET AL. : EFFECTS OF IRON ON PINEAPPLE 


617 









618 


PLANT PHYSIOLOGY 



ST£M LEAVES S TEM LEAVC-S 

NITRATE AMMONIUM 


Fig. 6. Potassium content of tissues from plants grown with nitrate or ammonium, 
with or without iron. 


in tables VI and VII and in figure 7. However, those between different 
nitrogen series, namely between the A-n and N-n series but of comparable 
iron cultures, were relatively great. The calcium content of the stem in the 



NlfRATE AMMONIUM 


Fl6. 7.’ Calcium content of tissues from plants on nitrate or ammonium, with or 
without iron. 



TABLE VII 

Milligrams or potassium, calcium, magnesium, and phosphorus and micrograms or iron and manganese per gram or fresh tissue in 

DIFFERENT SECTIONS OF TnE LEAVES, STEM, AND ROOTS OF ONE-YEAR-OLD PLANTS OF A. COIHOSUS GROWN IN PLUS- OR MINUS-IRON 
SOLUTION CULTURES AND SUPPLIED WITH AMMONIUM SALTS AS SOURCES FOR NITROGEN 
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N-n series was from 2.5 to 5.5 times greater than that in the A-n series. 
The leaves of the F cultures contained more calcium than those of the 0 
cultures in the N-n series. The results generally emphasize the fact that 
the absorption of calcium by A. comostts was greatly accelerated by nitrate 
ions and retarded by ammonium ions, while the extra amounts of iron in the 
F cultures increased calcium absorption only slightly over those of the 0 
cultures. The data suggest that the acceleration of calcium absorption by 
nitrate ions and its retardation by ammonium ions could have been caused 
by electrostatic forces as postulated in the theory of Girard (7) and Haynes 
(10). In conformity, then, with the above theory of absorption the NO ; r 

TABLE VIII 

Statistical significance of the difference* between constituents of comparnble 

SECTIONS OF PLANTS GROWN IN PLUS- AND MINUS-IRON CULTURES SUPPLIED EITHER 
WITH NITRATE OR AMMONIUM SALTS AS SOURCES FOR NITROGEN + 



| Nitrate-N 

Ammonium-N 


Leaves 

Stem 

Leaves 

I Stem 

CONSTIT- 

















UENTS 

Approx- 

In 

Sig¬ 

nifi¬ 

cance 

In 

Sig¬ 

nifi¬ 

cance 

In 

Sig¬ 

nifi¬ 

cance 

In 


IMATE 

FAVOR 

FAVOR 

FAVOR 

FAVOR 


SIGN1FI- 

OF CUL- 

OF CUL- 

OF CUL 

OF CUL- 


CANCE 

TUBE 

TIRE 

TURF. 

TITRE 

Dry matter 

300: 1 

+ Fe 

None 


9999: 1 

4 Fe 

25: 1 

4- Fe 

Ash 

500: 1 

- Fe 

None 


40: 1 

4 Fe 

None 


Potassium 

600: 1 

-Fe 

None 


180: 1 

4 Fe 

40: 1 

-Fe 

Calcium 

9999: I 

4-Fe 

None 


None 


85: 1 

-Fe 

Magnesium 

2000: 1 

-Fe 

19: 1 

-Fe 

9999: 1 

-Fe 

260: 1 

-Fe 

Phosphorus 

250: 1 

-Fc 

None 


None 


None 


Iron 

9999: 1 

4- Fe 

25: 1 

4 Fe 

9999: 1 

4 Fe 

None 


Manganese 

250: 1 

-Fe 

None 


None 


None 



* Calculated by Conrad's formula and from Love's table. 

t The significance of the difference (represented by the algebraic sum of the differ¬ 
ences of items between comparable plant sections from different treatments) is not used 
in the strict sense of statistics but as a synoptic index of all such differences. 

in the N-n series was electrostatically attracted by Ca ++ and possibly by 
other cations, while that of Ca° in the A-n series was electrostatically re¬ 
pelled by NH« + and possibly other cations. It is difficult, however, to ex¬ 
plain on the basis of the effects of N0 3 " and NH 4 + on calcium absorption, 
why the absorption of potassium and, to a certain degree, of magnesium by 
roots was not affected in a similar manner in conformity with the above 
mentioned electrostatic theory. Calcium accumulated in the stem in very 
great proportions with most of it located in the tissues of the stele ( 24 ). 
This element did not move as freely as potassium from the tissues of the 
stem to the leaves, as indicated by data showing that the stem contained 
from 2 to 5 times more calcium than the leaves, while potassium accumulated 
mostly in the terminal sections of the latter organs. The causes for the 
low rates of calcium translocation from the stem to the leaves are possibly 
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anatomical and compare well with rates usually kttributed to diffusion. 
Moreover, the accumulation of calcium in the apical tissues of the stem 
before the flowering period and its depletion thereafter indicate an ex¬ 
ceedingly slow movement of this element through the meristematic tissues 
of the stem apex during the above period which, however, changes very 
rapidly as soon as the meristematic tissues of the apical region of the stem 
undergo differentiation during the period of fructification. This postula¬ 
tion has been supported by some anatomical evidence which shows that the 
apical tissues of the stem and those of the leaf bases lack, during their 
meristematic stages, well defined and adequately functioning tracheids. In 
regions of the stem which have advanced in development beyond the meri¬ 
stematic stage, as in the medial region, the conduction of substances from 



Fig. 8. Magnesium content of tissues from plants grown with nitrate or ammonium, 
w itli or without iron. 

the tissues of the stem to those of the leaves is more rapid than in the apical 
region before the flowering period, suggesting that the movement of sub¬ 
stances is not dependent on diffusion forces but that it is carried on through 
well-formed tracheids. The amount of anastomosis between the tracheids 
of the stem and those of the basal sections of the leaves has not been 
definitely ascertained. 

Magnesium 

The distribution of magnesium in different sections of the plants of the 
various cultures, reported in tables VI and VII and in figure 8, shows that 
the plants of the 0 cultures of both nitrogen series contained, with few ex¬ 
ceptions, greater quantities of this element than the plants of the F cul¬ 
tures. The plants of the A-n series of the 0 cultures contained greater 
amounts of magnesium than those of the corresponding cultures of the N-n 
series. In the F cultures the average values of magnesium were greater in 
the leaves of the plants of the N-n than of the A-n series, but in the stem 
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they were reversed. Magnesium accumulated, although not to the same 
extent, in the stem of the plants of all treatments. The much greater ac¬ 
cumulations of magnesium in the stem of the plants of the O cultures of the 
A-n series than in any of the other cultures cannot be attributed to con¬ 
centration effects resulting from differences in plant weights because the 
plants of the A-n series weighed approximately the same or more than those 
of the N-n series of comparable iron treatments. 

Phosphorus 

The distribution of phosphorus in the plants of the various cultures, re¬ 
ported in tables VI and VII and in figure 9, shows that it accumulated in 
greater amounts in the leaves of the old (B) and mature (C) groups of the 
plants of the A-n than of the N-n series. The differences between the 
amounts of phosphorus in the leaves of the active (D) and young (E) 



Fig. 9. Phosphorus content of tissues from plants grown on nitrate or ammonium, 
with or without iron. 

groups of the plants of the two nitrogen series were small and irregularly 
distributed. Many of the sections of the plants of the 0 cultures of both 
nitrogen series contained appreciably greater amounts of phosphorus than 
comparable sections of the plants of the F cultures. 

The amounts of phosphorus in roots, although generally very small, 
were higher for those in the F than in the 0 cultures of both nitrogen series. 
It is possible that the slightly greater amounts of phosphorus in the roots of 
the F than 0 cultures resulted from the precipitation of some phosphate- 
phosphorus by iron on the surface. A similar possibility is also suggested 
by the analytical data on iron. 


Iron 

The distribution of total iron in the plants of the different treatments 
and especially in those of the 0 cultures is very interesting. It was men¬ 
tioned earlier that iron, in concentrations of 5 mg. per liter of nutrient 
solution, was added only to the F but not to the 0 cultures. 
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The data in tables VI and VII and in figure 10 snow that the amounts 
of iron were generally higher in the plants of the P than of the O cultures. 
They also show that the plants of the A-n series contained more iron than 
those of the N-n series. The highest values of iron were found in the roots 
of the plants of the P cultures of both nitrogen series. The roots of the 
N-n series of the 0 cultures contained more iron than those of the cor¬ 
responding iron treatment of the A-n series. The causes for the accumula¬ 
tion of greater amounts of iron in the stem and leaf tissues of the plants of 
the A-n than N-n series could be attributed to differences in the availability 
of iron caused by changes in the H-ion concentration of the solution cul¬ 
tures of the two series. The H-ion concentrations of the cultures of the 
A-n series (supplied with ammonium sulphate) changed in the course of 



A //TXATE AMMOM/UM 

Fig. 10. Iron content of tissues from plants grown on nitrate or ammonium, with 
or without iron. 

two weeks from an initial value of pH 6.6 to a final one of 4.2, and in those 
of the N-n series (supplied with potassium or calcium nitrate or with both) 
from pH 4.4 to 6.8. The changes in the initial H-ion concentrations were 
caused, in the case of the cultures of the A-n series, by a greater rate of 
absorption of ammonium than of sulphate ions and in that of the N-n series 
by a greater one of nitrate than of calcium and possibly other cations. The 
H-ion concentration changes from pH 6.4 to 5.0 in the cultures of the A-n 
series were relatively rapid, effected mostly in the course of 3 days, and pH 
values ranging between 4.0 and 5.0 were maintained for the greater portion 
of the two-week period which favored iron solubility. The results suggest 
that a great portion of the water-soluble iron of the cultures of the N-n 
series was possibly precipitated from the solution during the changes in the 
H-ion concentration from pH 4.4 to 6.4, which condition decreased also 
the availability of this element to the plants. 
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The relatively great amounts of iron found in the roots of the plants of 
the F cultures, as reported in tables VI and VII, resulted, in the opinion of 
the writers, from iron which was deposited on the surface of the roots during 
the processes of absorption. Partial confirmation of the precipitation of 
iron on the superficial tissues of the roots was obtained by suspending 'well- 
washed, intact roots in a 2 per cent, solution of sodium hydrosulphite for 4 
hours and then analyzing the solution for iron. The availability of iron 
precipitated on the surface of the roots at favorable H-ion concentrations 
can be demonstrated if chlorotic plants of A. comosus containing such iron 
on their roots are placed in solution cultures supplied with ammonium sul¬ 
phate instead of calcium nitrate, or if the pH of the solution is maintained 
at constant pH values of 4.0 to 5.0. It is also possible that some iron was 
precipitated in nutrient solutions of the N-n series during the generation of 
high pH values by the absorption of greater amounts of anions than cations. 
The greater amounts of iron in the roots of the plants of the F cultures of 
the A-n than of the N-n series may be explained by the postulation that 
more iron came in contact with the roots of these plants because of more 
favorable H-ion concentrations for the solubility of iron in the A-n series. 
In the case of the roots of the plants of the () cultures, however, the amounts 
of iron precipitated on the roots of the plants of the A-n series were lower 
than those of the N-n series because of the highly restricted amounts of iron 
in the cultures of both series. Also, the higher H-ion concentrations of the 
cultures of the A-n than of the N-n series, and the scarcity of iron in the O 
cultures prevented the precipitation and possible deposition of this element 
on the surface of the roots of the plants of the A-n series, whereas some pre¬ 
cipitation of iron was effected by the high pH values of the cultures on the 
roots of the plants of the N-n series. However, the precipitation of iron on 
the roots of the plants of the 0 cultures of the N-n series represented by the 
differences between the amounts of iron in the 0 cultures of the A-n and N-n 
series (1.17-0.33 = 0.84) demonstrates the efficacy of high pH values on 
iron precipitation even in solution cultures where the concentrations of this 
element coxdd not have been any higher than 10 K gm. per liter of solution. 
Therefore, the absorption of iron by roots may be conditioned in part either 
by the initial acidity of the nutrient solution or by such subsequent changes 
in the acidity that develop on the surface of the roots during the absorption 
of nutrient elements. The precipitation of iron on the surface of the roots 
of the plants of the O cultures of the N-n series is a paradoxical phenomenon 
because the quantities of this element, occurring as mere contaminations in 
the C.P. nutrient salts, were exceedingly small. The precipitation of this 
element under the conditions of the N-n cultures, however, indicates its 
great susceptibility to insolubleness and hence its low rate of permeability 
into the tissues of the roots. The possible precipitation of some iron by 
phosphorus has been suggested by the results of the chemical analyses. 
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Manganese 

The distribution of manganese in the plants of the various treatments 
is reported in tables VI and VII and in figure 11. The data show that 
manganese occurred, in the majority of cases, in much greater amounts in 
the plants of the N-n than of the A-n series. It was generally higher in 
the stem and leaves but not in the roots of the plants of the 0 cultures of 
the N-n series. The smaller amounts of manganese in the leaves and stem of 
the plants of the F than of the 0 cultures of the N-n series may be attributed 
to iron precipitated on the surface of the roots which presumably reduced 
the rate of manganese permeability into the root tissues. With the amounts 
of both iron and manganese being greater in the roots of the plants of the 



Fig. 11. Manganese content of tissues from plants grown on nitrate or ammonium, 
with oi without iron. 


F than of the 0 cultures, while those of the latter element were reversed in 
the sections of the leaves ami stem, the data suggest that manganese was 
probably precipitated, like iron, on the surface of the roots. 

Analyses of the data in tables VI and VII show that the effects of dif¬ 
ferent pH reactions, as mentioned above for nutrient cultures supplied 
either with ammonium sulphate or calcium nitrate salts, caused depositions 
of manganese on the roots of the plants of the O cultures of 0.38 and 0.29 
microgram of Mn per gram of fresh tissue for the N-n and A-n series, 

0.38-0.29 lnn \ . , 

—Q-gg— x 100 1 m favor of the 

N-n series. The amounts of manganese depositions in the roots of the plants 
of the F cultures were 0,61 and 0.50 mierogram per gram of fresh tissue for 
for the N-n and A-n series, respectively, equivalent to 18.0 per cent. 

(~ 61 ^ X * n ^ avor N-n ser i es * The effects of iron on the 

deposition of Mn in the roots of the plants of the A-n series were 0.50 and 


respectively, equivalent to 23.7 per cent, y 
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0.29 microgram per gram of fresh tissue for the F and 0 cultures, re- 

( 0 50 — 0 29 \ 

: ' ""0 50 " : — X / * n ^ avor ^ 
cultures. In the plants of the N-n series the Mn depositions in the roots 
were 0.61 and 0.38 microgram per gram of fresh tissue for the F and O 


cultures, respectively, equivalent to 46 per cent. 


/ 0.61-0.38 

\ 531 


x 100 


in favor 


of the F cultures. Therefore, the precipitation of Mn caused by the iron 
content of the F vs. the O cultures was greater (42 + 46-7-2 = 44 per cent.) 
than that by the different pH values of the cultures of the N-n vs. A-n series 
(23.7 +18.0 + 2 = 20.8 per cent.). 

The data demonstrate also that the relative (low) acidity of the nutrient 
solutions had affected only the precipitation of manganese on the roots but 
it did not interfere with its movement into the tissues of the stem and leaves. 
The relatively higher values of manganese in the plants of the O cultures of 
the N-n series, however, might have resulted from concentration effects on 
account of the smaller weights of the former plants. 


Discussion 

The results presented above indicate that the changes in H-ion concentra¬ 
tions which constantly develop on the surface of roots or at the regions of 
the rhizosphere during the absorption of ions from nutrient solution cultures 
supplied either with nitrate or with ammonium salts as sources for nitrogen 
may facilitate or inhibit the absorption of iron by roots. The H-ion concen¬ 
tration changes resulting from such conditions may vary both in magnitude 
and in duration as they depend on the chemical composition of the nutrient 
solution and on the length of the period of absorption of certain ions by roots. 
In view of the fact that iron solubility in nutrient solutions and possibly 
in soils, and its availability to A. comosus depends on a favorable range of 
hydrogen ion concentrations of the nutrient solution and of soils, an evalu¬ 
ation of both pH and water-soluble iron constitutes the only reliable criterion 
for inorganic iron availability. The generation of acidic and basic reactions 
at the rhizosphere through the absorption by plant roots of anions and 
cations at different rates influences the solubility of iron at the point of its 
entrance into the roots. Any conditions interfering with the solubility of 
iron in the solution culture or soil render meaningless any comparisons 
between the initial amounts of iron in the nutrient solution and those 
absorbed by plants. 

The amounts of iron in the basal (1) sections of leaves (the first point 
of entrance of this element into the leaves from the stem) of the O cultures 
were slightly smaller in the N-n than A-n series. In spite of the lack of 
appreciable differences in the concentrations of iron in the basal (1) sections 
of the young ieaves (E) of the O cultures between the N-n and A-n series the 
difference in chlorophyll between the two series were very great as will be 
discussed further in a subsequent publication. In the remaining sections 
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of all leaves of the 0 and F cultures the amounts of iron were generally 
higher in the plants of the A-n than N-n series. This indicates that the 
movement of iron into the leaves continued probably for a longer period 
and was possibly of a greater intensity in the A-n than N-n series. These 
findings conform with the postulation advanced above that the quantities of 
available iron decrease rapidly in solution cultures supplied with nitrate 
salts (calcium or potassium nitrate) because of the generation of H-ion 
concentrations (high pH) incompatible with the solubility of iron. 

Olsen (16) has suggested the possibility of iron precipitation as iron 
phosphate within the water-conducting vessels of Zea mays L. plants, and 
Wadlbioh et al . (26) have extended Olsen’s hypothesis to include the effect 
of the pH of the sap on iron solubility. The presence of oxidizing agents 
for the precipitation of iron in plant tissues has also been cited by others 
( 6 ). In order to obtain some idea of the influence of the relative acidity 
and reducing power of the sap on iron solubility, determinations of both 
titratable acidity and H-ion concentration and of ascorbic acid were made. 
These will be reported in a subsequent publication. They suggest, however, 
that iron in the leaves is susceptible neither to precipitation nor to oxidation 
from a lack of sufficient acidity or of reducing substances. 

The data on the distribution of iron in the sections of the plants of the 
0 cultures of the A-n series, which produced weights almost as great as those 
of the F cultures, suggest that the absolute iron requirements of A, comosus 
under highly favorable conditions for iron solubility are relatively small 
(approximately 10~ 7 mg. per liter of solution). They also demonstrate that 
plant growth, although favored more by the addition of somewhat greater 
amounts of iron than the mere traces occurring in the 0 cultures derived 
from impurities in the C.P. salts, is not affected by excessive amounts, and 
that such amounts are of no additional value to plants except in nutrient 
solutions which are subject to pH changes from low to high levels as in those 
supplied with nitrate salts. Definite limits for iron requirements cannot 
be set on the basis of plant tissue analyses because the iron content of such 
tissues is influenced by concentration or dilution effects caused by various 
complex factors, as plant growth rate and age, besides the readily available 
iron content of the substratum. 

Our knowledge of the physiological functions of iron in plants is limited 
except for its catalytic properties in the formation of chlorophyll, or more 
probably of protochlorophyll, and its participation in the composition of 
catalase and certain cytochromes (1). The facts obtained so far suggest 
that, as long as plants are supplied with iron in concentrations sufficient to 
catalyze the synthesis of the required amounts of chlorophyll, any greater 
quantities that may be absorbed by the roots are possibly of no additional 
physiological value. The fact that greater amounts of iron are often found 
in the tissues of chlorotic than of green plants constitutes an anomaly and 
a paradox. It is assumed that such accumulations of iron in the tissues of 
chlorotic plants result from amounts translocated there after such tissues 
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ceased to grow and a great deal of their initial metabolic activity and possi¬ 
bly the power of forming more chlorophyll has been appreciably reduced. 
In all such chlorotic plants the new or meristematic tissues rather than the 
chronologically and physiologically more advanced tissues of the plants con¬ 
tain less iron than those of non-chlorotie or green plants. Amounts of chloro¬ 
phyll rather than of iron in plant tissues should be the criteria for evaluating' 
plant response to iron treatments. As the quantities of chlorophyll are also 
influenced by those of available nitrogen, any deficiencies of the latter are 
likely to reduce considerably the amounts of chlorophyll in the leaves. Re¬ 
ductions of chlorophyll amounts below certain minimum values directly 
affect the carbohydrate-synthesizing efficiency of the plant. Thus any de¬ 
ficiencies of iron or nitrogen causing reductions in chlorophyll values influ¬ 
ence the rate of plant growth, carbohydrate synthesis, assimilation, nutrient 
element absorption, and accumulation. It is possible that all such conditions 
had developed in the plants of the 0 cultures of the N-n series and caused the 
production of small plant weights, some accumulations of iron and other 
elements, and various other physiological disturbances. 

The data on the distribution of ash show that the plants of the 0 cul¬ 
tures of the N-n series contained more of these substances than those of the 
other cultures because of concentration effects resulting from the smaller 
weights of the plants of the 0 cultures. The amounts of ash in the leaves 
of the F cultures of the A-n series were greater than those of the 0 cultures, 
suggesting a greater rate of absorption of ash constituents by the plants of 
the F than of the O cultures. The amounts of ash in the stem of the 0 cul¬ 
tures were reversed, suggesting a reduced rate of translocation. In view 
of the fact that the weights of all the plants of the A-n series were about 
the same, the greater amounts of ash constituents in the leaves of the F than 
of the 0 cultures should be attributed to their greater content of chlorophyll 
and its effects on the translocation of solutes and normal physiological func¬ 
tioning of the plants. 

The distribution of phosphorus shows that slightly greater amounts of 
this element were deposited in the roots of the plants of the F than of the 
O cultures of both nitrogen series, suggesting a possible precipitation of both 
elements as insoluble ferric phosphate. 

The formation of other insoluble compounds of iron and phosphorus is 
suggested by the results of the chemical analyses. The calculations in 
table IX are an attempt to show certain possible relationships between phos¬ 
phorus and iron which might have affected their distribution in the roots 
of the plants of the different cultures. 

The calculations in table IX show that the ratio of iron to phosphorus 
in the F cultures was 0.278 and 0.415 in the N-n and A-n series, respectively. 
The corresponding percentage values of phosphorus in combination with 
other bases than iron were 84.4 and 76.5 for the N-n and A-n series, respec¬ 
tively,' arid indicate that 7.9 per cent. (84.4-76.5 = 7.5) more phosphorus 
was in combination with other bases than iron. The differences between the 
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0 cultures were insignificant. The precipitation of greater amounts of 
phosphorus on the roots of the plants of the N-n than of the A-n series 
suggest that the higher pH values of the former cultures were responsible 
for the extra amounts of precipitated phosphorus. The data further sug¬ 
gest that the smaller amounts of phosphorus and iron in the leaf and stem 
sections of the plants of the N -11 than of the A-n series of the P cultures were 
caused by the precipitation of both iron and phosphorus under the high pH 
conditions of the cultures of the former series. The results indicate, gen¬ 
erally, that iron (and in certain cases phosphorus) deficiencies might de¬ 
velop in plants during the absorption of certain nutrients by roots from 
solutions favoring generation of high pH values and insolubleness of these 
elements. 

Regarding the effects from the amounts of iron in the P and in the 0 
cultures on the accumulation of various nutrient elements in plants, the 
statistical data in table VIII are of considerable interest. They show that 
the amounts of dry matter and iron increased while magnesium decreased 
significantly in the P cultures of both nitrogen series. The amounts of 
certain other elements were affected differently by iron. Por instance, the 
accumulation of calcium was increased in the plants of the P cultures of 
the N-n series, but decreased in those of the A -11 series. The opposite con¬ 
dition was found in the amounts of ash and potassium which were high in 
the plants of the 0 cultures of the N -11 series and low in those of the A -11 
series. 

Summary 

1. Growth of A. comosus in minus-iron solution cultures (with traces of 
Pe from C.P. nutrient salts) was approximately as good as it was in plus- 
iron cultures when supplied with ammonium-nitrogen salts as a source of 
nitrogen. In solution cultures with nitrate-nitrogen salts, however, the 
growth in the minus-iron cultures was appreciably inferior to that in the 
plus-iron cultures. 

2. Average drift of H-ion concentrations during the 2-week intervals 
between renewal of the nutrient solutions was from pH 6.6 to 4.2 for the 
ammonium-nitrogen series, and from pH 4.4 to 6.8 for the nitrate-nitrogen 
series. Precipitation of iron and decrease of its availability to plants was 
caused by rising pH values, as in the nitrate-nitrogen series. Iron avail¬ 
ability was relatively high in the cultures of the ammonium-nitrogen series 
because of the lowering of pH values. 

3. Iron was absorbed at exceedingly low rates from the solution cultures 
of the nitrate-nitrogen and ammonium-nitrogen series. Although the 
amounts of iron translocated from the roots to the leaves were greater in the 
plants of the ammonium-nitrogen than of the nitrate-nitrogen series, those 
precipitated on the roots w£re relatively high in both series. 

4. Amounts of chlorophyll (to be reported in a subsequent publication), 
rather ttiah of iron were observed to constitute a better criterion for mea¬ 
suring the response of plants to different iron applications. 
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5. Phosphorus was found to increase slightly the amounts of iron pre¬ 
cipitated on the roots of plants. 

6. More manganese was found in the roots and less in the leaves of the 
plants of the plus-iron than of the minus-iron cultures, suggesting possible 
precipitation by iron. 

7. The amounts of ash and particularly of potassium were higher on a 
percentage but not on a per plant basis in the plants of the minus-iron than 
of the plus-iron cultures of the nitrate-nitrogen series. In the ammonium- 
nitrogen series the differences were small and in some cases the results were 
reversed. 

The University of Hawaii 
Honolulu, T. H. 
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FLAGELLATES OF LATICIFEROUS PLANTS 1 

R. B. Haevey and Sylvan B. Lee 
(with fourteen figures) 

Introduction 

Since flagellates have been reported to be present in a large number of 
latieiferous plants, the increased interest in the possibility of using these 
plants for sources of rubber, and their introduction into the agriculture of 
new regions of the United States and other American countries has made 
desirable further studies on these organisms. After the statement was pub¬ 
lished by Hegner (2) that flagellates had not been found commonly in eco¬ 
nomic rubber plants, their occurrence in Taraxacum kok-saghyz has been re¬ 
ported by Isakova ( 4 ). A survey of the literature shows that they have 
been reported for a number of rubber plants in their native habitats. The 
introduction of such plants into extensive culture may make more frequent 
the usually sporadic occurrence of these flagellates, provided their insect 
vectors also become more prevalent in mass cultivation of the host plants 
used for rubber production. Without the presence of natural vectors, in¬ 
festation may be present only in plants vegetativelv propagated since the 
flagellates have not been shown to be transmitted through seed. 

Some of the latieiferous plants have been suspected of being reservoirs 
for flagellates that produce animal and human infections causing tropical 
ulcers. Various skin ulcers of the Brazilian type of Leishmaniasis are said 
to be very common among persons who are engaged in clearing uncultivated 
woodlands, as in the clearing of rubber plantations (7). The transmission 
of plant flagellates to mammalian hosts, however, has been only occasionally 
successful. Strong (9) found flagellates morphologically identical in the 
latex of a Euphorbia, in a hemipterous insect feeding on this plant, and in 
a lizard feeding on the insects; he produced a skin ulcer in a monkey by 
injecting the intestinal contents of the lizard. Non-flagellate forms from 
the ulcer were morphologically similar to Leishmania. 

Effects of flagellates on host plants 

Some authors have reported symptoms of the hosts that indicated a 
pathological condition in flagellate infested plants. Holmes (3) has indi¬ 
cated that Hcrpeiomonas clmassiani in the latex of Asclcpias syriaca , pro¬ 
duces little or no symptoms of pathogenicity. Heavy infestations make the 
latex somewhat watery. Wenyon (10) states that starch and other latex 
granules may disappear, causing a watery appearance of the latex. It is 
difficult to conclude that the presence of such large numbers of flagellates as 
occur in latices, can have no effect on the constituents of the latex. From 
experience in the transplanting of infected and healthy plants of the same 

1 Paper no. 50, Journal Series, Chemical Research Department, General Mills, Inc. 

m 
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species, a weakness of the infected plants seems to result in decreased trans¬ 
plant survival. This was especially noticeable in Chamaesyce species in 
which the flagellates were present in great numbers. Also, infested plants 
did not survive well the removal of leaves and flower clusters for the pur¬ 
pose of examining and obtaining latex for culture of the flagellates in 
artificial media. 

Occurrence of flagellates in laticiferous plants 

The authors have taken as the criterion of positive infestation of a plant 
by flagellates, the identification of motile flagellates in microscopic amounts 
of fresh, undiluted, and uncontanrinated latex and the confirmation by a 
second observer. If their motion was too rapid, or the latex too opaque to 
identify the presence of flagella in motion, a mount stained with Wright’s 
blood stain was used to confirm the presence of a flagellum on the organism. 
Such stained mounts have been preserved to authenticate the identification. 
Living, infested plants were maintained for several months to facilitate 
study of variations of the flagellates and their effects on the host plants. 
Moderate dilution of latices with distilled water caused swelling and plas- 
moptysis within 10 to 30 seconds. Sterile normal salt solution (NaCl 0.8 
per cent.) causes some swelling, but maintains motility of the flagellates for 
several hours. Mounts in normal saline solution should not be used for 
making dimensional measurements. The drying incident to the use of sol¬ 
vents in Wright’s blood stain decreases the diameters of thick-bodied forms. 
The dimensions of body and flagellum are changed by longitudinal division. 
Latices in which many dividing flagellates are seen, generally show many 
thin forms. 

Flagellates have been reported previously in 28 species of the Euphorbi- 
aceae (9), 5 species of 4 genera of the Asclepiadaceae, 5 species of 4 genera 
of the Apocynaceae, 1 species of the Sapotaceae, and 3 species of Ficus of 
the Urticaceae. In the Compositae they have been reported in Taraxacum 
kok-saghyz (4). The reliability of a number of identifications has been 
questioned because cell inclusions, elongated nuclei, and protein aggregates, 
may have a flagellate-like appearance, especially in stained sections. Of the 
commercial rubber-producing plants, flagellates have been reported only in 
Cryptostegia grandiflora, Funtumia elmtica, and Taraxacum kok-saghyz. 
At the U. S. Plant Introduction Garden, Coconut Grove, Florida, in the 
neighboring areas, and on the Keys, 12 species of plants were found that 
have not been reported as hosts of the flagellates. 

Flagellates of somewhat different morphological characters and different 
host of origin were found in the families Euphorbiaceae and Asclepiadaceae; 
in the genera Poinsettia,( Small’s classification), Chamaesyce, and Funas- 
trum; and in 14 species, as follows: Poinsettia heterophylla (L.) Small, P. 
cyathophora (Murr.) Small, P. pinetorum Small, Chamaesyce adenoptera 
Small, C. huxifolia (Lam.) Small, C. deltoidea (Engelm.) Small, C. hirta 
(L.) Millspaugh, C . hypericifolia (L.) Small, C. hyssopifolia (L.) Small, 
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C. maculata (L.) Small, C . mathewsii Small, C. polygonifolia (L.) Small, 
C. tracyi Small, and Funastrum clausum Jacq. 

In the genus Poinsettia, flagellates had previously been reported in P. 
heterophylla. P. pulcherrima , the common ornamental shrub, showed no 
flagellates in the white, pink, red, or double red varieties. Hemipterous in¬ 
sects were seen travelling between P. heterophylla and P. pulcherrima and 
seem commonly to feed on both when in close proximity. 

Of the genus Chamaesyce, all of the species found in a limited survey 
of the region of South Florida showed flagellates present in certain indi¬ 
viduals. C. hirta, C. hyssopifolia, C. hypericifolia, C . adenoptera, C . con- 
ferta, C . maculata, and C. mathewsii , are extensively infested. C. buxifolia 
is usually infested, ( 7 . tracyi less commonly, and C. deltoidea rather rarely 
infested. The genus Chamaesyce is very large, and other regions will need 
to be searched to find if flagellates may be present in all the species of it. 

Hundreds of specimens from other genera of laticiferous plants were 
examined without finding flagellates. These arc reported as genera, and 
indicate that although flagellates were commonly found in the species here 
reported from the same locality, these genera did not become infested at the 
T T . S. Plant Introduction Garden: Adenium, Alstonia, Aselepias (3 species), 
Calonyction, Castilla, Catharanthus, Convolvulus (3 species), Croton, 
Cryptostegia (3 species), Echites, Euphorbia (4 species), Ficus (20 species), 
Funtumia, Hevea, Ipomea (2 species), Landolphia, Manihot (2 species), 
Masconhazia, Metastelma, Musa (2 species), Pedilanthus, Phyllanthus, 
Rhabdadenia, Rhus (2 species), Rieinus, Stillingia (2 species), Strophanthus 
(2 species). Taraxacum (2 species), and Ursola. 

Infected plants of the species examined growing in their natural habi¬ 
tats show no visible symptoms of disease, decreased vigor or green color. 
Infection can be determined only by microscopic examination for the flagel¬ 
lates. Watery latex cannot be used as a criterion of infection. Flagellates 
were found in very viscous, creamy latex of Funastrum clausum , growing 
in a dry soil. In the U. S. Plant Introduction Gardens of Coconut Grove, 
Florida, Chamaesyce conferta growing in cracks of bituminous pavement 
showed general infestation in dry weather; after a heavy rain, flagellates 
were hard to find. Chamaesyce hypericifolia growing in coral rock in full 
sunlight showed a high incidence of infestation whereas large vigorous 
plants growing in shade on moist glade land immediately adjacent showed 
no flagellates. Poinsettia heterophylla showed infestation of one branch tip 
of a plant 8 feet tall, but no flagellates in latex from another branch. A 
distance of 4 feet of stem separated the tips of these branches. 

The flagellates frequently disappear from the latex of petioles of leaves 
and from the peduncles of flower clusters. After a rain of several hours, a 
potted plant (P. cyathophora) that in days previous thereto had shown 
numerous flagellates, failed to show T their presence in any petiolar latex, 
whereas the flagellates remained in a plant whose leaves were protected from 
this rain. 
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Fig. 1. Chamaesyce adcnoptera flagellate (xl220). 
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Fig. 2. Chamacsyce buxifolia flagellate [involution forms (xl220)]. 
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Fig. 3. Chamaesyce conferta flagellate (x!220). 
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Fig. 4. Chamaexyce deUoidea flagellate (x!220). 
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Fig. 5. Chamaeayce hypericifolia flagellate (xl220). 

> 
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Fio. 6. Chamaesyee hyssopifolia flagellate (x 1220). 
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Fra. 7. Chainaciyce macula!a flagellate (x 1220). 
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Fra. 8. Chamacsycc maihewsii flagellate (xl220). 



644 


PLANT PHYSIOLOGY 



Tiff. 9. Chdmacsyce polygonifolia flagellate (x 1220). 
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Fig. 10. Chamaeayce tracyi flagellate (x 1220). 
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Fig. 11. Funastrum clausum flagellate (x!220). 
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Flo. 12. Poinucttia cyathophora flagellate (xl220). 
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Fig. 13. Poimettia heterophylla flagellate (xl220). 
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Fig. 14. Poinsettia pinctorum flagellate (xl220). 
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Flagellates are difficult to count for actual incidence (to obtain a picture 
of their normal distribution in a plant) on account of the mobility of the 
latex and also of the organisms themselves. Crude estimates on petiolar 
latex of Poinsettia heterophylla show greatest abundance in the red flag 
leaves at the tips of the branches, decreasing toward the base of the plant. 
In latex from the successive nodes of the stem, the greatest number was 
found in the latex of terminal nodes with decreasing numbers toward the 
base, then an apparent increase in numbers above the soil level. 

Funastrum clausum , infested vines 50 to 70 feet long, showed abundant 
flagellates in the green tips but none in the brown bark covered stems above 
the point of rooting. 

Culture of latex flagellates 

Attempts have been made to study numerous latex flagellates in artificial 
culture. Upon reviewing previous work on these microorganisms. Holmes 
(2) states: “Cultures of latex flagellates are difficult to establish. Suitable 
media may be inoculated with the organisms many times without the forma¬ 
tion of successful colonies.” 

Franchini (1) and Nieschulz (6) used plates of Noller’s horse blood 
agar in the cultivation of a flagellate from a plant of E. cerciformis. This 
medium is a nutrient broth containing agar and glucose (1 per cent.) to 
which an equal part of defibrinated horse blood is added before pouring 
plates. 

Migone (5) used human blood agar to culture a member of the genus 
Herpetomonas from the host plant Morenia odorata. Noguchi (8) mentions 
the difficulty of adaptation of the flagellates to the media and obtained pure 
cultures of plant flagellates only on leptospira medium and only three times 
among many attempts. He obtained cultures of 2 species of flagellates from 
plant latices: Hcpctomonas oucopclli from Asclcpias syriaca and A. ntrut: 
and H. lygacorum from A. syriaca. 

Culture of the flagellates of all of the genera was attempted on many 
hundreds of media modifications of those already successfully used for 
flagellates of animal diseases. Although survival of motile forms was seen 
for 4 to 5 days in the most favorable of these media, mass multiplication was 
obtained only in a rich medium injected into live coconuts containing their 
natural milk, and in the same medium in flasks to which Hevea latex was 
added. 

For inoculation, petioles of leaves, peduncles of flower clusters, or tips 
of stems were first swabbed with Lugol’s iodine solution, or tincture of 
iodine. This treatment did not kill the flagellates within the laticiferous 
system if the solvent was allowed to dry before cutting into the laticiferous 
tubes. On cutting the pldnt with a flamed scalpel or knife, the latex exuded 
in drops which were collected in a flamed platinum loop dipped into the 
sterile medium before touching the latex. 

Transfer to normal salt solution was used in some cases to obtain a 
quantity of inoculum that later was transferred to the medium by loop or 
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into coconuts by sterile glass syringe. In inoculating coconuts the best 
procedure was to remove the husk and sterilize the largest of the embryo 
spots on the shell with tincture of iodine. A hot needle was then used to 
puncture the soft tissue of the coconut embryo. Injection of medium and 
inoculum from the syringe generally did not require removal of milk from 
the cavity in nearly ripe fruit. In green fruit the milk cavity usually ex¬ 
hibited a strong hydrostatic pressure, and some milk must be removed to 
allow additions. The removal of the embryo plug by a hot cork borer did 
not generally give preparations as free from contamination as did needle 
puncture. A wad of cotton containing iodine tincture was then placed 
over the inoculation point and covered with adhesive tape. In needle punc¬ 
tures, the endosperm swelled up, closing the puncture, and preventing 
drying. In the removal of embryo plugs there was more loss of moisture 
through the cotton plug and more contamination from fungi growing over 
the shell. 

The best basic medium was: 


Beef extract (I)ifco) . 

1.5 friii. 

Peptone (Difeo) 

2.5 “ 

Yeast extract (Difeo) 

2.6 “ 

Glucose 

3.3 “ 

Na acetate 

3.3 “ 

Distilled H 2 0 

1000 ml. 


Fresh rabbit’s blood (5 per cent.) was added aseptically from the mar¬ 
ginal vein of the ear. The final pH was 7.0. 

The acidity of this medium was varied from pH 3.0 to 8.0. The osmotic 
pressure was varied by adding 0.0 to 0.9 per cent, sodium chloride and the 
cultures were incubated under aerobic and anaerobic conditions at tempera¬ 
tures ranging from 20° to 37° C. From a study of these conditions with the 
above medium it was found that aerobic conditions at pH 7.0 with no added 
sodium chloride and a temperature of 30° C. gave most favorable results. 
With this medium and these conditions flagellates were demonstrated alive 
and motile after periods of 9 to 12 days. 

Attempts were made to improve this medium by the addition of sterile 
(Berkefeld filtered) preparations of the following growth factors with 
amino acids, and cyclic nitrogen bases at levels equal to or slightly higher 
than those found effective for other microorganisms: thiamine, riboflavin, 
pyridoxine, pantothenic acid, nicotinic acid, para-amino benzoic acid, biotin, 
folic acid (concentrate), inositol, glutamine, asparagine, tryptophane, glu¬ 
tamic acid, arginine, cystine, glycine, lysine, histidine, threonine, proline, 
alanine, valine, hydroxvproline, methionine, (3-alanine, leucine, cysteine, 
adenine, guanine, uracil, and xanthine. 

Modifications of the above media, as well as several other media con¬ 
taining blood, have been tested for their ability to support the growth of 
latex flagellates. Also rabbit hemoglobin, fresh and pasteurized rabbit 
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serum, and beef blood were used to replace the rabbit blood in the above 
medium, but without good growth. 

Egg media 

Fertile and non-fertile eggs were inoculated directly into the yolk and 
albumen with latex flagellates. The results were negative after incubation 
periods of a few days to several weeks. Several other types of egg media 
were tested. These include: modified Boeck’s Locke’s medium, Hogue’s egg 
medium, and Schneider’s and Boeck’s Locke’s egg medium plus blood 
serum. The results were negative. 

Difco media 

Numerous media prepared by Difco for the culture of fastidious micro¬ 
organisms were tested for their ability to support the growth of latex 
flagellates. These included: veal infusion, brain-liver-lieart, brain-heart, 
cabbage infusion, blood-base-agar plus rabbit blood, wort agar, egg-meat 
broth, and potato infusion. These media were tested alone and in combi¬ 
nation with rabbit blood and the growth factors, amino acids, and nitrogen 
bases listed above. Results were negative. 

Coconut culture 

Coconut milk has been used by previous workers in attempts to culture 
flagellates. Injection of media with flagellates into live coconuts has worked 
with some success. The coconuts were prepared as described above. The 
media and the inoculum were injected into the coconuts through the steril¬ 
ized embryo spots. The pH inside the coconuts was raised from 5.0-5.5 to 
7.2 by injecting sterile M/1 K 2 HP0 4 , and sterile supplements of various 
types were added. The inoculum consisted of a suspension of latex organ¬ 
isms in sterile saline (0.8 per cent.). Using this technique it was possible 
to demonstrate the presence of numerous motile flagellates after 110 days in 
a coconut which had been fortified with the rabbit blood medium listed 
above. Sub-cultures from these coconuts failed. To other coconuts adjusted 
to pH 7.2 with phosphate buffer, the mixture of growth factors, amino acids, 
and nitrogen bases listed above was added. No growth was obtained in these 
media. 

Culture in Hevea latex 

In the above basic medium with fresh unsterile Hevea latex added, cul¬ 
tures of flagellates from Funastrum clausum with rapid multiplication were 
obtained. The flagellates grew more rapidly than the contaminants at 
37° C. and after 12 hours were very numerous and actively motile. The 
flagellates from Funastrurq, clausum grew and divided into single individu¬ 
als and also formed long chains of 20 to 30 flagellates that moved with a 
spiral motion. These chains were easily broken apart by shaking the flask 
or in making mounts. After 24 hours the flagellates had become immobile 
or disappeared and the medium was heavily contaminated by motile and 
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non-motile bacteria, spirillum, and coccus forms. Subculture after 12 hours 
was attempted in the same basic medium to which was added the serum 
obtained by precipitating the rubber from fresh Hevea latex with the least 
amount of acetic acid to obtain a serum separation, neutralization of the 
serum with NaOH, and passing through a Berkefeld filter. No flagellates 
grew but contaminants were numerous. Inoculation of a similar sterilized 
preparation with Hevea latex serum with fresh inoculum from Funastrum 
gave no growth of flagellates. 

In examining latices for fluorescence, an all quartz illumination system 
was used with light from the G.E. AH4 100-watt mercury arc in clear 
Corex glass. Flagellates exposed on a quartz slide to the intense ultraviolet 
and visible light transmitted by this system were very active after 4 hours. 
Hence the organism seems insensitive to ultraviolet and visible light. At¬ 
tempts to grow the flagellates in pyrex flasks in sunlight using several 
nutrient media were not successful. 

It is apparent from these cultures that the latex flagellates are difficult 
to culture and require essentially media derived from live tissues. To ob¬ 
tain such in a sterile condition one is limited to the use of coconuts since it 
is practically impossible to obtain other sterile plant latices in quantity. 
Nogitciii (6) has reported that the flagellates of Euphorbia brazihensis and 
Asclepias cvrassavica will not grow in sterile coconut milk media in vitro. 
This is confirmed. A number of reports of culture of these organisms seem 
to be questionable. Perhaps survival in the media for a few days rather 
than actively dividing cultures were obtained. 

Descriptions 

All the photographs (figs. 1 to 14) are at the same magnification (x 1220) 
to facilitate comparisons of flagellate dimensions. The latex flagellates in 
Poinsettia. Chamaesvee, and Funastrum have a single anterior flagellum, 
arising anterior to the parabasal body. In Funastrum, the flagellum is very 
short. In the photographs these are not easily recognized, but in live or¬ 
ganisms they can be seen in motion. The flagella in Poinsettia and Cha- 
maesyce are frequently longer than the body. The characteristic movement 
of the flagellum can be seen in the long ones to be a pulsating, spiralling coil 
motion from the body passing toward the end. Frequently more than one 
coil can be seen travelling out on the flagellum, as in a rope that is given 
quick circular movements by the end held in the hand. 

The blepharoplast and nucleus differ in their size, position, and density 
of staining in the different species of hosts. Some nuclei are large rounded 
and distinct (C. buxifolia , C. hypcricifolia , C . hyssopifolia, C . mathewsii , 
and (7. tracyi) others are elongated and have indistinct outlines (C. 
adcnoptera, C. deltoidca , and C. polygonifolia). 

Twisted ribbon-like bodies are commonly seen, and the motion of the 
body is in a spiral path through the latex. In chains of flagellates, the 
movement of the whole series of flagellates is coordinated, giving a ser- 
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pentine-like movement and rolling the chain. This movement also is char¬ 
acteristic in the twisted ribbon-like forms. In Funastrum only thin twisted 
ribbon-like forms with blunt-ended bodies were seen. In other latices these 
same forms occurred: C . buxifolia, C . conferta, C . deltoidca, C . hirta, C. 
mathewsii, C. polygon!folia, C. tracyi; but less commonly in the Poinsettia 
species. The commonly long flagellated rounded bodies that taper posteri¬ 
orly to a tail sometimes of a diameter as small as the flagellum, are seen in 
all of the species of Chamaesyce and Poinsettia. The method of longitudinal 
division of the body can be seen in the photograph of P. cyathophora latex, 
where two blepharoplasts, two nuclei, and one flagellum can be seen in the 
flagellate with the rounded body at the center of the figure. More than two 
bodies can frequently be seen united at the posterior end in rapidly dividing 
cultures or latices. In Chamaesyce buxifolia , in addition to the flat twisted 
ribbons and rounded tapering bodies, spherical and distorted bodies are 
commonly found in active motion by their flagella, or quiescent without 
flagella. These forms may be produced by abnormal water absorption 
from rain water or tap water used to water the plants, because this species 
commonly grows in habits of high salinity near the sea coast. In cultures 
from C. buxifolia , the ribbon like forms with 45 degree spiral turn have 
blunt ends and survive longer than the other forms. 

Summary 

Twelve species of plants are newly reported as hosts of latex flagellates. 
Photographs of the flagellates from different species are given in the text. 

The incidence of infestation was variable in Chamaesyce species, but in¬ 
dividuals were found infested in all of the species of this genus that were 
examined. 

Incidence of infestation was found variable with habitat, soil, and 
weather conditions. 

Culture for 30 days was obtained in a medium injected into live coconuts 
and rapid multiplication occurred in a similar medium to which unsterile 
fresh Hevea latex was added. 

The authors are obliged to Dr. Russel Seibert, Rubber Plant Investiga¬ 
tions, U. S. D. A., for determinations of species. 

Chemical Research Department 
General Mills 

Minneapolis, Minnesota 
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COMPOSITION OF THE ROOTS AND STUBBLE OF PERENNIAL 
RYEGRASS FOLLOWING PARTIAL DEFOLIATION 1 

J. T. Sullivan and V. G. Sprague 
(with nine figures) 

When the foliar portion of a grass plant is removed by a mower or by a 
grazing animal, the growth of new tissues is initiated to replace the parts 
removed. The rate with which the regeneration of new top growth proceeds 
and the total amount produced are of great importance in forage produc¬ 
tion. This rate of recovery and .total yield, although dependent to a large 
extent upon external environmental factors, are also influenced considerably 
by the intensity and frequency of defoliation as determined by management 
practices. Evidence has been offered by many workers ( 5 , 9 , 10 , 11 , 21 , 
23 , 24 , 26 , 29 ) that close and frequent clipping or grazing reduces the total 
yield of tops of forage plants. 

Associated with the ability of the plant to produce new growth after 
cutting is its chemical composition. Plants cut less frequently and less 
severely have a greater opportunity to synthesize and maintain reserve food 
materials which are available for the production of new growth than plants 
more severely grazed. That carbohydrates are important as reserve sub¬ 
stances in pasture plant economy has been pointed out by earlier workers 
( 1 , 4 , 7 , 8 , 13 , 14 , 15 , 16 , 25 , 27 , 28 ). 

The specific carbohydrates which may be considered “reserves” that can 
be utilized by the plants for purposes of respiration and production of new 
tissues have not been definitely established. Weinmann ( 27 ) considered 
that sugars and polysaccharides hydrolyzable by hot dilute HCI were lost 
from the tops of some South African grasses after the time of flowering and 
were largely recovered in the roots. In another contribution ( 28 ), the sea¬ 
sonal changes in the composition of roots were described as mainly due to 
translocation and storage. Sugars and starch (polysaccharides rendered 
soluble by saliva and hydrolyzed by HCI) were considered of importance 
but the results with total hydrolyzable polysaccharides were not conclusive 
and were not reported. In alfalfa, Albert ( 2 ), Graber, et al. ( 8 ), and 
Leukel ( 13 ) considered sugars, dextrins, starch, and hemicelluloses as avail¬ 
able carbohydrates and found that the supply of these in the roots was 
lowered by frequent cutting of the immature tops. Plants in darkness 
( 2 , 8 ) produced new top growth while starch disappeared from the roots; 
total carbohydrates decreased and hemicelluloses increased. According to 
Bukey and Weaver ( 4 ) there was a marked decrease in the percentage of 
invert sugar, water-soluble hydrolyzable, and water-insoluble hydrolyzable 

* Contribution no. 48, of the IT. 8. Regional Pasture Research Laboratory, Division of 
Forage Crops and Diseases, Bureau of Plant Industry, Soils and Agricultural Engineering, 
Agricultural Research Administration, U. 8. Department of Agriculture, State College, 
Pennsylvania, in cooperation with the northeastern states. 
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material in the underground parts of Andropogon under conditions of severe 
clipping. McCarty ( 14 , 15 ) studied the seasonal fluctuations of sugars, 
starch, and hemicellulose in several range grasses during the growing season. 
Carbohydrate storage was inversely related to the rate of vegetative growth 
of the herbage. He concluded ( 15 ) that sugars and starches (chiefly sucrose 
and starch) were the more important of the stored carbohydrate foods. The 
behavior of the acid-hydrolyzable hemicellulose suggested that this carbo¬ 
hydrate was employed largely as structural material. Sugars and starch 
were also found by McCarty and Price ( 16 ) to be reduced in quantity in 
the roots of mountain brome and slender wheat grass if the plants were 
grazed during the reproductive period and during the normal storage 
period. Morozov ( 17 ) concluded from a study of brome grass, ryegrass, 
and fescue that the places of carbohydrate accumulation were the roots, 
rhizomes, stems, shortened internodes, and leaves. The carbohydrates stored 
were chiefly inulin-like substances and hemicellulose. 

This inulin-like substance, resembling inulin only in that it yields 
fructose on hydrolysis, is probably the fructosan widely reported in recent 
years in the grasses and cereals. Norman ( 18 ) has reported its presence m 
ryegrass (Western Wolths) in amounts as high as 34 per cent. Norman 
and Kioiiardson ( 19 ) report that it accumulates chiefly in the stem and acts 
as a temporary reserve, later being utilized for the production of structural 
constituents. The wide distribution of fructosan in pasture grasses ( 3 ) and 
the lack of confirmatory evidence of considerable amounts of starch make it 
appear probable that fructosan, rather than starch, is an important carbo¬ 
hydrate reserve. The properties of fructosan are such that in much quanti¬ 
tative work it may have been determined and reported incorrectly as starch. 
It is water-soluble and alcohol-insoluble, and is readily hydrolyzed to 
fructose by acids. When starch is determined by saliva or other enzymatic 
reagents in water solution fructosan may go into solution and be hydrolyzed 
by the subsequent acid treatment that often follows diastatie action. 
“Dextrin’’ and “starch” determinations reported in grasses may therefore 
have been largely of fructosan. This does not apply to such crops as alfalfa 
in which starch does occur and in which fructosan has not been shown to 
be present. 

Carbohydrates readily change from one form to another so that by 
ordinary methods of analysis it is impossible to trace the translocation and 
utilization of any particular one in the plant. As a first step in the study 
of the relation of carbohydrates to regeneration of growth in grasses it 
seems desirable to have a knowledge of the carbohydrate changes taking 
place in the plant immediately after cutting. In this paper are reported 
the analyses of perennial ryegrass (Lolium percnnc L.) plants at intervals 
after partial defoliation. 

Materials and methods 

The plant material used in this experiment consisted of a single clone of 
perennial ryegrass. In November, 1940, cuttings were made and planted in 
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grave] in one-gallon glazed pots, three tillers per pot, and supplied with a 
complete nutrient solution by automatic irrigation. The temperature of the 
greenhouse was maintained at 18 to 20° C. and the normal daylight period 
was increased to 14 hours with mazda lights at an intensity of approximately 
75 foot candles. The average intensity of daylight in the greenhouse was 
5,000 to 7,000 foot candles. Three replications were grown on three ad¬ 
joining benches in the same greenhouse; each bench held one complete 
replication. In order to obtain sufficient material for analysis, three pots 
in each replication were composited at the time of harvest. 

On March 17, 1941, about three months after establishment, the plants 
were vegetatively vigorous and had reached an average height of 8 inches. 
At this time the tops were cut with shears at a height of 1.5 inches above 
the surface of the gravel. The removed tops were dried and the dry weights 
determined. They averaged 5.40 grams per pot. They were not analyzed 
chemically. 

The remaining stubble and roots were sampled for chemical analysis 
immediately after cutting. The plants from 3 pots selected at random from 
each replication were combined and, after washing and removing the gravel, 
the roots and stubble were separated. These samples were surface dried 
with paper towels and dropped into boiling alcohol. Later they were partly 
extracted, dried, coarsely ground, and completely extracted with 80 per cent, 
alcohol in the usual manner. 

Sampling of the roots and stubble was repeated in the same manner 1, 2, 
4, 7, 11, 16, 22, 28, and 36 days after cutting. At each date the new leaf 
growth which had appeared above the 1.5-inch level was removed and its 
dry weight only was determined. New leaf tissue below the 1.5-inch level 
was included in the stubble. 

Another series of pots was removed to a darkroom immediately after 
cutting and plants from them were sampled in the same way and on the 
same subsequent days as were the plants allowed to recover in the green¬ 
house. Three pots were used to furnish a composite sample at each date for 
the material in the darkroom but no replication was available. 

The alcoholic extracts were made to volume and an aliquot of each was 
used to determine total solids. The sum of the total solids of the extract 
and the alcohol-insoluble residue gave the total dry weight of the sample. 
Another aliquot of the extract, after removal of the alcohol and after 
clarification, was used for the determination of sugars. Reducing power 
was determined by a method essentially that of Phillips ( 22 ). Fructose 
was determined by oxidizing aldoses with iodine by a procedure similar to 
that of Norman, Wilsie, and Gaessler ( 20 ) and determining the residual 
reducing power. Sucrose was determined by hydrolyzing with hydrochloric 
acid and determining the increased reducing power. No other carbohydrates 
werp believed to be present in the alcoholic extract. A portion of the al¬ 
coholic extract was used for a qualitative test for nitrates and the re¬ 
mainder was used for the determination of total nitrogen including nitrates. 
Nitrates were found only in plants growing in darkness. 
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The alcohol-insoluble residue was weighed and further ground to pass 
a 60-mesh sieve. Aliquots were used for the following determinations: 

An extract of the residue was obtained by heating a 1-gram portion with 
0.25 per cent, oxalic acid for 1 hour at 80° C., neutralizing with barium 
hydroxide, filtering, and clearing. Total reducing power and fructose were 
determined. The fructose was considered as having been derived from 
fructosan and is so reported, but calculated as fructose. 

Cellulose was determined on another 2-gram portion by a modification 
of the method of Crampton and Maynard (6). 

A 1-gram portion was treated with normal sulphuric acid in a boiling 
water bath for 2.5 hours. The residue w r as removed and washed. The acid 
liquor and washings were neutralized with CaCO a and Ba(OH) 2 , filtered, 
clarified, and made to volume. Determinations were made on aliquot por¬ 
tions for total reducing power, fructose, and noil-fermentable reducing sub¬ 
stances. The length of time of the hydrolysis, 2.5 hours, was sufficient to 
give the maximum yield of lion-fermentable reducing power under the con¬ 
ditions of acid concentration and temperature. The noil-fermentable re¬ 
ducing power wras determined as the residual reducing power after treat¬ 
ment with bakers , yeast. It is expressed as pentosan (calculated as xylose) 
and the amounts agree closely with the furfural distillation method. Galac¬ 
tose could not be detected qualitatively. The total reducing power of the 
acid hydrolyzate, after correction for fructose (part of which had been de¬ 
composed during the acid treatment) was slightly higher than that of the 
pentose. The difference, amounting to a low’ percentage of the sample, was 
not further characterized. Part of it may be due to theoretical difficulties 
arising in the calculations of sugar mixtures. 

The residue from the normal sulphuric acid treatment was treated with 
72 per cent, sulphuric acid for 16 hours at 4° C. and finally w T ith normal 
sulphuric acid for 5 hours at 100° C. The insoluble residue, after correcting 
for ash content, was characterized as lignin. 

A portion of the alcohol-insoluble residue was used for the determination 
of total nitrogen by the Kjeldalil method. 

Results 

Initial composition of stubble and roots 

The analysis of variance of the dry weights of tops harvested at the 
beginning of the experiment (table I) showed that the differences among the 


TABLE I 

The analysis or variance of the dry weights of the tops removed from 

THE PLANTS AT THE BEGINNING OF THE EXPERIMENT 


Variation dtte to 

D/P 

Mean square 

F VALUE 

Dates 

9 

0.3193 

1.12 

Replications 

3 


3.34 

Dates x replications 

27 
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groups of three pots selected at each of the 10 dates of sampling were not 
statistically significant. It may be concluded that differential establish¬ 
ment of the plants was not an important factor in conditioning differences 
obtained at subsequent sampling dates. 

The yield and composition of ryegrass stubble and roots, as determined 
on samples taken immediately after removing the tops, are given in table II. 

TABLE II 


Tiie yield and composition or stttbble and roots or ryegrass at the time of defoli¬ 
ation on March 17, 1941. (Expressed as percentage of dry weight, 
except first and last items) 




Stubble 



Roots 


Analyses 


Replications 



Replications 


Total yield in dry matter, 

1 

o 

3 

Ave. 

1 

2 

3 

Ave. 

in grams per pot* 

Total constituents ac- 

3.82 

4.27 

4.17 

4.09 

6.14 

7.26 

6.93 

6.78 

counted for 

Dry matter soluble in 

80.87 

80.32 

79.51 

80.23 

i 

78.88 

79.57 

79.08 

79.18 

alcohol 

23.31 

18.32 

21.84 

21.16 1 

13.26 

14.06 

13.27 

13.53 

Fructose 

1.93 

1.62 

| 1.81 

1.79 

0.85 

0.90 

0.89 

0.88 

(Jlucose 

2.26 

3.76 

2.00 

2.01 

0.26 

0.27 

0.34 

0.29 

Sucrose 

(5.37 

5.23 

6.62 

6.08 1 

2.87 

2.95 

! 2.85 

2.89 

Fructosan 

Aldose obtained from ox¬ 
alic acid hydrolysis, as 

14.61 

, 

16.17 

1 14.33 

15.04 

j 

1.92 

1.88 

1.64 

1.81 

glucose 

0.80 

0.81 

0.64 

0.75 

0.37 

0.27 

0.38 

0.34 

Pentosan, as xylose 
Fermentable aldoses from 
sulphuric acid hydroly¬ 

15.71 

16.65 

16.27 

1 

16.21 l 

1 

! 23.54 

1 

24.02 | 

24.04 

24.53 

sis, as glucose 

4.46 

4.28 

4.30 

4.33 

2.02 

o 2° 

1.81 

2.02 

Cellulose 

27.10 

28.00 

27.02 

27.37 

32.09 

32.06 

31.84 

32.00 

Lignin 

3.98 

3.95 

4.03 

3.99 

12.04 j 

12.25 

12.41 

12.23 

Alcohol soluble N 

0.24 

0.16 

0.20 

0.20 

0.09 

0.08 

0.08 

0.08 

Alcohol-insoluble N 

1.09 

0.91 

0.91 

0.97 

0.96 

0.93 

0.96 

0.95 

Total N 

Alcohol soluble N, in per¬ 

1.32 

1.07 

1.31 

1.37 

3.04 

1.01 

1.04 

1.03 

centage of total N 

17.75 

14.70 

3 7.99 

16.81 

8.42 

8.09 

7.94 

8.15 


* The average dry weights per pot of the tops removed on March 17 were 4.93, 3.09, 
and 4.89 grams, respectively. 


The dry weight of the stubble and its composition depend upon the amount 
and the structures of the plant included in the tissues below the 1.5-inch 
level. In this case of vegetatively growing plants, they consisted primarily 
of leaf sheaths, a small amount of leaf blade tissue, and short stems which 
probably did not exceed i inch in length. The yield of stubble in dry matter 
was a little more than half that of the roots. The stubble had greater con¬ 
centrations than the roots of the more soluble constituents such as sugars, 
fructosan, and soluble nitrogen and less of the more insoluble constituents 
such as pentosan, cellulose, and lignin. About 21 per cent, of the total dry 
matter of the stubble was alcohol-soluble; if fructosan may be included, at 
least 30 per cent, was water-soluble. At least 15 per cent, of the roots was 




SULLIVAN AND SPRAGUE: PARTIAL DEFOLIATION 


661 


water-soluble. Of the sugars, sucrose was considerably higher than either 
glucose or fructose in both the roots and stubble and was higher than fructo- 
san in the roots. Of the two monosaccharides, glucose was the higher in the 
stubble and fructose in the roots. Fructosan was much higher in the stubble 
on a percentage basis and also on an actual basis, even though the total dry 
weight of stubble was less than that of the roots. The total constituents 
determined, using the factor 6.25 to convert nitrogen to protein, was about 
80 per cent, of the dry weight of the stubble and 79 per cent, of the roots. 
Corrections for the contamination of lignin and cellulose with protein would 
have decreased these figures slightly. 

Changes in dry matter after clipping 

Dry matter changes of the different plant parts during the days follow¬ 
ing clipping are illustrated in figure 1. The yields reported, and also all 



Fig. 1. Yield of roots, stubble, and new top growth of ryegrass plants growing in 
the greenhouse (solid lines) and in darkness (dotted lines) for 36 days after removal of 
the tops. 

subsequent composition data, are the averages of three replications in the 
case of greenhouse plants and are of one replication in plants moved to the 
darkroom. A small but measurable quantity of new top growth above the 
1.5-inch level was present on the first day after clipping. The rate of in¬ 
crease of the tops was fairly constant and the dry matter per pot amounted 
to 11 grams at the end of 36 days. In the dark, the rate of growth was 
similar to that of plants in light for about 5 days, after which it decreased. 
Total dry matter of regenerated leaves reached a maximum after about 22 
days. During recovery in the greenhouse the stubble growth, including new, 
leaf tissue below the 1.5-inch level, fluctuated somewhat, showed significant 
losses in total dry matter at several dates, and did not show a definite in- 
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crease above its original weight until after the 16th day. After 36 days of 
recovery there had been a net increase in weight of roots, stubble, and leaves 
amounting to 19 grams per pot. In darkness the loss of dry matter from the 
stubble was immediate. The roots, amounting to 20 grams of dry matter 
per pot, did not lose weight in the greenhouse and began increasing in weight 
after the 11th day, reaching 27 grams after 36 days. The roots in the dark 
room continually decreased in weight with a minimum of 14 grams on the 
36th day after clipping. At the end of this period many of the plants in 
darkness were undoubtedly dead, though no attempt was made to revive 
them. Many roots were in stages of decomposition. Dry weight fluctua¬ 
tions in the roots and stubble during the first few days after clipping were 
probably due to pot variation. As an indication of pot variation the nine 
pots selected for the first group of samples had averaged 4.93 grams of top 
growth removed, as compared with total average for all pots of 5.40 grams. 

Changes in composition after clipping 

The changes in composition of the stubble and roots after dipping are 
illustrated in figure 2 and in all succeeding figures. In figure 2 are illus- 



Fig. 2. Water^poluble carbohydrates of the stubble of ryegrass plants growing in 
the greenhouse for 8$ days after removal of the tops. 

trated the changes in the water-soluble carbohydrates, fructose, glucose, 
sucrose, and fructosan and also the total of these constituents in the stubble 

7 j 

of plants growing in.light from the day of clipping to 36 days thereafter. 
A rapid decrease in the percentages of all these constituents on the dry 
weight basis characterized the changes during the first seven days. Since 
no increase in dry weight had taken place in the stubble or roots during this 
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time it is assumed that these carbohydrate constituents were being trans¬ 
located to the growing tops and utilized in part as raw material for new 
tissue and were also in part being decomposed by respiratory processes to 
furnish energy for such growth. The temporary increase of fructose on the 
first day may have been caused by the rapid hydrolysis of fructosan, which 
because of its high molecular weight (12) is not translocated as such. A 
minimum content of sucrose was reached about the 7th day and of other 
constituents soon thereafter. A rapid rise in all constituents occurred at 
a later date. The photosynthetic area of new top growth increased suffi¬ 
ciently so that sometime after 11 days of recovery re-storage of carbohy- 
urates occurred. Whether re-storage was in the old tissue or new tissue 
could not be determined with the technique used since new as well as old 
leaf tissue was included in the stubble zone. 

Figure 3 (on the same scale as fig. 2) illustrates similar changes in the 
roots. The concentrations in the roots were smaller, but the relative changes 
were as great. 



Fig. 3. Water-soluble carbohydrates of the roots of ryegrass plants growing in the 
greenhouse for 36 days aftei removal of the tops. 

Figure 4 presents the changes taking place in the stubble with respect 
to the insoluble carbohydrates and lignin. Total soluble carbohydrates, 
represented by the dotted line, is repeated from figure 2 for comparison 
purposes. Cellulose, hydrolyzable pentosan, and lignin percentages did not 
show the typical U-shaped curve of the soluble carbohydrates. The appar¬ 
ent increase of these constituents during the first week may have been a real 
increase or may have been partly due to the method of expression in per¬ 
centage of the dry weight. If soluble carbohydrates alone had been removed 
during this period all remaining constituents would have been increased on 
a percentage basis. Actual increase in total cellulose and pentosan may 
have occurred since some new tissue w r as formed. There was no evidence, 
however, of their utilization as in the case of soluble carbohydrates. After 
attaining a maximum at about 11 days there was a slight decrease in cellu¬ 
lose and pentosan. The basis of expression may again have been the cause 
of this since soluble carbohydrates have increased during this later period; 
Lignin did not show the later drop. 
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Fig. 4. Cellulose, hydrolyzable pentosans, and lignin (solid lines) and total soluble 
carbohydrates (dotted line) of stubble of ryegrass plants growing in the greenhouse 36 
days after removal of the tops. 

Figure 5 furnishes the same information for the roots. The conclusions 
to be drawn are similar. 

Plants in darkness (figs. 6, 7) showed changes similar to those in the light 
during the period when top growth was being produced. Rates of loss of 
soluble carbohydrates were similar to those of plants in the light except that 
no re-storage occurred. All soluble constituents, if illustrated separately, 
would show similar changes. Fructosan disappeared entirely by the 22nd 
day in the stubble and by the 16th day in the roots. The soluble carbo¬ 
hydrates persisting to the 36th day were, in the stubble, 0.22 per cent, of 



Fl<J. 5. Cellulose, hydrolyzable pentosans, and lignin (solid lines) and total soluble 
carbohydrates (dotted line) of roots of ryegrass plants growing in the greenhouse for 36 
days after removal of the tops. 
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Fig. G. Cellulose, hydrolyzable pentosans, and lignin (solid lines) and total soluble 
carbohydrates (dotted line) of stubble of ryegrass plants growing in darkness for 36 
days after removal of the tops. 

sucrose and 0.41 of glucose; and in the roots, 0.15 per cent, of sucrose and 
0.07 of fructose. There was no evidence of utilization of cellulose, pento¬ 
san, and lignin. 

The changes taking place in several minor carbohydrate constituents are 
not reported in detail. The oxalic acid hydrolysis liberated reducing sub- 



Fia. 7. Collulose, hydrolyzable pentosans, and lignin (solid lines) and total soluble' 
carbohydrates (dotted line) of roots of ryegrass plants growing in darkness for 36 days 
after removal of the tops. 
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Fig. 8. Total, insoluble, and soluble nitrogen of stubble of ryegrass plants growing 
in the greenhouse (solid lines) and in darkness (dotted lines) for 86 days after removal 
of the tops. 



Fig. 9. Total, insoluble, and soluble nitrogen of roots of ryegrass plants growing 
in the greenhouse (solid lines) and in darkness (dotted lines) for 36 days after removal 
of the tops. 
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stances in addition to fructose which have been calculated as glucose. These 
substances varied between 0.6 and 1.0 per cent, in the stubble and between 
0.4 and 0.6 per cent, in the roots. The sulphuric acid hydrolysis also liber¬ 
ated some fermentable, non-fructose substances which have been calculated 
as glucose and probably include the portion liberated by oxalic acid. The 
amounts of these components varied between 2.5 and 4.5 per cent, in the 
stubble and between 1.0 and 2.0 per cent, in the roots. The uncertainty of 
the method of calculating sugar mixtures makes it unsafe to attach any 
importance to these figures. 

Soluble, insoluble, and total nitrogen changes in the stubble are illus¬ 
trated in figure 8. Total nitrogen reached its greatest accumulation in 
plants in light 7 days after cutting and in plants in the dark somewhat later. 
The proportion of total nitrogen in soluble form increased from 17 per cent, 
at cutting time to 22 per cent, at 7 days for plants in the light. In plants 
in the dark the proportion of soluble nitrogen increased rapidly, amounting 
to 49 per cent, of the total at 28 days. One fourth of the soluble nitrogen 
at tliis date consisted of nitrates which were not detected originally but 
accumulated rapidly in plants in the dark and later decreased at the time the 
plants were dying. 

Nitrogen changes in the roots are illustrated in figure 9. Total nitrogen 
showed less fluctuation than did that of the stubble. The amount of nitro¬ 
gen in the soluble form increased from 8.2 to 13.5 per cent, at four days. 
In the dark the soluble nitrogen reached 21 per cent, of the total at 11 days; 
36 per cent, of this was nitrate. 


Discussion 

The term “reserve substances” in plants has been freely used. “Reserve 
carbohydrates” usually are referred to as those carbohydrates which vary in 
amount and are alternately accumulated and utilized by the plant in its 
growth cycle or when disturbed by changes in its environment. In some 
eases carbohydrates occurring in the leafy parts of plants are referred to as 
reserves; but in pasture plants carbohydrates present in the tops, which are 
removed by grazing, cannot function as reserves for the plant under grazing 
conditions. 

In this paper no attempt will be made to define “reserves.” An attempt 
is made to describe only changes that take place in the plant parts which 
remain after partial defoliation. The disappearance or decrease in amount 
of certain constituents of the roots and stubble during the period when new 
growth is progressing rapidly, indicates that such substances may be prop¬ 
erly called reserves. 

The results reported here do not include all carbohydrate changes. For 
example, the acid-hydrolvzable material, often referred to as hemicellulose, 
has not been broken down into all of its component parts. The major part 
of it, excluding fructosan, is believed to be pentosan but it may consist of 
more than one pentose compound. Some non-pentosan material, minor in 
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quantity, also occurs. As the results indicate, the total acid-hydrolyzable 
material does not show any considerable utilization. It is possible that some 
part of it may have functioned as utilizable material for the synthesis of 
new compounds but if this were so it was replaced in the synthesis of other 
materials of similar analytical properties. 

Complete exhaustion of any particular compound did not occur with the 
plants growing in light. Since in this experiment not all of the photosyn¬ 
thetic tissue was removed and since new leaf tissue was being produced 
throughout the course of the experiment under favorable environmental 
conditions, synthesis of carbohydrates occurred in sufficient quantity to 
prevent complete exhaustion of, the reserves. The degree of clipping to 
which the plants were subjected was not particularly severe and the carbo¬ 
hydrate content of the plants was high at the time of cutting. If a second 
cutting had been made at some period a week or two after’ the first at a time 
when soluble carbohydrates were at a much lower level, subsequent recovery 
of the plants probably would have been greatly retarded. Further work is 
contemplated along this line. 

In plants growing in the dark following clipping, quantitative changes 
in carbohydrates occurred in a similar manner as in plants growing in the 
light. This supports the observation of Graber ei ah (8) that the growth of 
plants in darkness might be used to give an indication of the quantity of 
reserve substances present. When plants were kept for a long period in 
the dark so that reserves might be considered completely exhausted the con¬ 
stituents removed were the same as those utilized in considerable quantity 
by plants in light. 

Nitrogen reserves have received only minor attention. A nitrate-con¬ 
taining nutrient solution was furnished the plants at all times and the nitro¬ 
gen content of the plant did not decrease appreciably. There was, however, 
an increase in the proportion of soluble nitrogen to total nitrogen. This 
may suggest that proteins are hydrolyzed to more soluble forms. There is 
little doubt that in plants growing in the dark there was a marked hydrolysis 
of proteins in the parts studied. 


Summary 

Changes in the carbohydrate content of roots and stubble of perennial 
ryegrass grown in gravel cultures in the greenhouse were determined at 
intervals during a recovery period of 36 days following partial defoliation. 

Water-soluble carbohydrates including glucose, fructose, sucrose, and 
fructosan decreased rapidly for several weeks and then increased. Cellulose, 
hydrolyzable pentosan, and lignin failed to show any decrease. The soluble 
carbohydrates alone gave evidence of being reserve substances. 

Plants placed in darkness after cutting underwent changes in composi¬ 
tion similar to those in light except that soluble carbohydrates continued to 
decrease almost to the point of exhaustion. 
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There is evidence that hydrolysis of proteins took place in plants placed 
in darkness. 

Acknowledgements are due to Dr. T. G. Phillips of the University of 
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the lignin and non-ferment able procedures, and to Miss Martha Jayne for 
assistance in the analyses. 
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EFFECT OF OXYGEN CONCENTRATION ON THE RESPIRATION 
OF SOME VEGETABLES 1 

Hans Platenius 

(with seven figures) 

Introduction 

Commercial methods of storing fruits and vegetables in modified atmos¬ 
phere are based on the fact that respiration, ripening, and other physiolog¬ 
ical processes can be retarded by maintaining an atmosphere in which the 
oxygen content is lower and the carbon dioxide concentration higher than in 
normal air. Many investigators assume that it is the presence of carbon 
dioxide rather than the limited oxygen supply which has a depressing effect 
on the physiological activity of the plant tissue. In fact, modified atmos¬ 
phere storage is frequently spoken of as **carbon dioxide storage.” 

There is reason to believe, however, that the importance of a limited 
oxygen supply itself lias been underestimated. Indirect evidence for this 
view is found in the results of Thornton (8) which make it clear that the 
presence of carbon dioxide in the storage atmosphere does not always depress 
tiie respiration of plant material. On the contrary, he found that the respi¬ 
ration rate of potatoes and onions was markedly increased when held in an 
atmosphere of normal oxygen content to which varying quantities of carbon 
dioxide had been added. On the other hand, the same treatment had a 
depressing effect on the respiratory activity of asparagus and strawberries. 

In the literature few experiments are reported which deal exclusively 
with the effect of low concentrations of oxygen on the respiration of plant 
tissue. Some of these experiments were conducted for a few hours only, 
and there is no assurance that the results would have been the same had the 
storage period been extended to several days. Other studies were carried 
out in the complete absence of oxygen. Obviously, the course of respiration 
under anaerobic conditions is entirely different from that which is followed 
when a low, but constant supply of oxygen is maintained. 

Most textbooks merely state that the oxygen concentration of the air can 
be changed over a wide range without materially affecting the rate of respi¬ 
ration. Evidence cited in a review of the literature by Mack (5) indicates 
that such a broad statement is subject to several exceptions. Parija (6) 
observed that the production of carbon dioxide of apples was lowest when 
the oxygen concentration of the air was about 5 per cent.; it rose to higher 
levels above and below this critical concentration. Steward, Berry, and 
Broyer (8), working with thin disks of carrot and artichoke tissue sus¬ 
pended in weak salt solutions, observed that aeration of the solution with 
a gas mixture containing only 2.7 per cent, oxygen markedly depressed the, 
carbon dioxide production of the tissues. On the other hand, raising the 

1 Paper no. 254. Department of Vegetable Crops, Cornell University, Ithaca, N. Y. 
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oxygen concentration of the aeration stream to 40 per cent, did not result 
in respiration rates higher than were observed in normal air. More recently 
Choudhury (3) investigated the effect of different oxygen concentrations 
on the respiration of several vegetables. He found that the respiration rate 
of potatoes remained fairly constant at oxygen concentrations ranging from 
6.2 to 98.6 per cent. Artichokes decreased in respiratory intensity at oxy¬ 
gen levels below normal, and the respiration rate of carrots increased or 
decreased with corresponding changes in the supply of oxygen. 

What little experimental evidence is available points to the conclusion 
that the effect of low oxygen concentrations on respiration varies with dif¬ 
ferent kinds of plant tissue. This is to be expected considering the wide 
variations in the normal rate of respiration and the differences in relative 
surface and permeability to gases of plant material. Moreover, the results 
are likely to be influenced by the length of exposure, the temperature, and 
other experimental conditions. 

The following experiments were conducted for the purpose of obtaining 
data which would serve as a basis for developing practical methods of modi¬ 
fied atmosphere storage. It is reasonable to expect that any combination 
of gases in the storage atmosphere which effectively reduces the normal 
respiration rate also retards the process of deterioration. Carbon dioxide 
gas in the respiration chamber was kept at a fraction of one per cent, in 
order to study respiration at low levels of oxygen without the complicating 
effect of another variable. Oxygen consumption as well as carbon dioxide 
production were measured because both gases play an equally important role 
in the process of respiration. In particular, it was desired to know how 
far the oxygen concentration could be reduced without affecting the normal 
course of respiration. 

Methods 

All experiments were carried out in constant temperature rooms where 
fluctuations in temperature did not exceed 2° C. Except for brief periods 
when readings were taken, the vegetables were kept in the dark. Oxygen 
consumption and carbon dioxide production were measured simultaneously 
by a method described in detail in an earlier paper (7). Carbon dioxide 
was absorbed by a normal solution of sodium hydroxide in the bottom of 
the chamber while oxygen entered the chamber under atmospheric pressure 
at the same rate as it was utilized by the respiring tissue. At the beginning 
of each experiment, the chamber was flushed with nitrogen long enough to 
reduce its oxygen content approximately to the level desired. The exact 
oxygen concentration was determined by gas analysis at the beginning and 
end of each experiment. In all instances, the original gas composition was 
maintained within 0.3 pcSr cent, throughout the experiment. 

Readings of oxygen consumption and carbon dioxide production were 
taken at intervals of 24 hours. All data were expressed on the basis of the 
original fresh weight. Because of the high humidity in the chambers, there 
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were practically no losses from transpiration and total weight losses over a 
period of several days were less than 5 per cent. 

Methods approved by the Association of Official Agricultural Chemists 
(1) were used for chemical analyses. Sugars were determined by weighing 
the cuprous oxide precipitate. The quantity of soluble nitrogen was found 
by evaporating the alcoholic extract under vacuum, treating the residue 
with sodium sulphite, and digesting it with a mixture of sulphuric acid, 
salicylic acid, and mercuric oxide. Protein nitrogen was determined in the 
residue from the alcohol extraction, using the Kjeldahl-Gunning-Arnold 
method. 

Vegetables used for these experiments were garden-fresh, harvested less 
than two hours before each experiment was started. Great care was taken 
to have comparable samples for storage under different oxygen concentra¬ 
tions. Each lot was divided into smaller ones containing an identical num¬ 
ber of individuals and these were as uniform in size and shape as could be 
obtained by careful selection. According to the size of individual speci¬ 
mens, samples ranging from 100 to 700 grams were used in the respiration 
studies. In no instance did a sample contain less than 15 specimens. 

Results 

Asparagus 

In the first series of experiments, the gas exchange of asparagus held at 
a temperature of 20° C. was studied simultaneously at nine different levels 
of oxygen ranging from 1.0 to 20.5 per cent. In figure 1 the average rates 



Fig. 1. Average rates of oxygen consumption and carbon dioxide production of 
asparagus at nine levels of atmospheric oxygen during a three*day period. 
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of carbon dioxide evolution and oxygen consumption during a three-day 
interval are plotted against the oxygen concentrations maintained in the 
different chambers. Attention is called to the fact that the abscissa repre¬ 
sents oxygen concentrations, not time intervals. On the ordinate, respiration 
rates are plotted in terms of milliliters. Using this expression instead of 
milligrams, deviations from unity in the respiratory quotient can be recog¬ 
nized at a glance by inspecting the relative position of the two curves. 

The data show that any change in the oxygen content of the storage 
atmosphere caused corresponding changes in the respiration rate of the 
tissue. This effect became increasingly pronounced as lower levels of oxy¬ 
gen were approached. Based on the values for carbon dioxide production, 



PER CENT OXYGEN 

Fio. 2. Average daily rates of oxygen consumption and carbon dioxide production 
of asparagus at low levels of atmospheric oxygen. 

a minimum in respiratory activity was reached at an oxygen concentration 
of 2.3 per cent. At this point the respiration rate was only 40 per cent, 
of that occurring in normal air. At still lower levels, carbon dioxide pro¬ 
duction began to rise again while oxygen consumption continued to fall off 
sharply. According to the terminology used by Blackman (2), 2.3 per 
cent, of oxygen represents the “extinction point of N It”; it is the concen¬ 
tration at which the type of respiration occurring in pure nitrogen becomes 
extinct. Above the extinction point of N It sufficient oxygen is available 
to maintain aerobic respiration and to suppress fermentation completely. 
Below this point aerobic, respiration still takes place but diminishes rapidly 
in intensity. Fermentation, on the other hand, increases; at a concentra¬ 
tion of .one per cent, oxygen, the combined output of carbon dioxide from 
aerobic and anaerobic respiration becomes considerably larger than it is at 
the extinction point. 
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In figure 2 the respiration rates for the range from 1.0 to 4.8 per cent 
of oxygen are plotted separately for each of the three days. Following 
the usual drift that occurs with time, the respiratory activity declined at 
any one oxygen concentration during successive days. It is also evident 
that the position of the extinction point shifted with time. During the first 
day, it was located at 2.8 per cent.; during the second, at 2.3 per cent.; and 
during the third day it had dropped to 1.0 per cent. This shift of the ex¬ 
tinction point is probably associated with the normal decline in respiratory 
intensity as time progresses. At any rate, it shows that the tissue becomes 
more tolerant to low oxygen concentrations as the storage period is length¬ 
ened. 





Fig. 3. Injury to asparagus stalks caused by anaerobic respiration at concentrations 
of atmospheric oxygen below 2.8 per cent. 

There was evidence that anaerobic respiration at low' levels of oxygen 
resulted in the accumulation of toxic end products of incomplete oxidation. 
This was indicated by definite signs of injury of the tissue which appeared 
after one day of storage in all the samples held at oxygen concentrations of 
less than 2.8 per cent. As shown in figure 3, sections of the external tissue 
had collapsed, forming dee]) longitudinal channels in the upper portion of 
the spears. These symptoms of injury were identical with those that are 
produced w T hen asparagus is covered with a fairly thick coat of wax or when 
spears are exposed to temperatures just above the freezing point for several 
W'eeks. Aside from visible injury, the samples held at one and two per cent, 
oxygen had a pronounced musty and alcoholic odor at the time the experi-’ 
ment was discontinued. It is possible that the injury to the tissue caused 
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changes in the permeability to gases. This would explain the secondary rise 
in oxygen consumption in the range between 2.0 and 2.8 per cent, oxygen 
concentration which was observed during the first and second day of storage. 
The sharp rise in carbon dioxide production with decreasing levels of oxygen 
likewise may be attributed to increased permeability of the tissue, although 
the principal reason for this rise is to be sought in conditions becoming more 
favorable for rapid anaerobic respiration. 

The practical significance of reduced respiration at low levels of oxygen 
is that losses in carbohydrates, which in asparagus consist chiefly of sugars, 
are greatly reduced. This conclusion is substantiated by the results of 
chemical analyses taken at the beginning and end of the storage period. 
Table I shows that after three days of storage in normal air, asparagus had 

TABLE I 


Effect of oxygen concentration in the atmosphere on total sugars, protein and 
SOLUBLE NITROGEN OF ASPARAGUS HELD AT 20° C. DATA ARE EXPRESSED 
ON THE BASIS OF ORIGINAL FRESH WEIGHT 


Oxygen content 

OF THE STORAGE 

ATMOSPHERE 

Storage 

Total 

Sugars 

Protein 

Soli ble 

PERIOD 

SUGARS 

RETAINED* 

NITROGEN 

NITROGEN 

% 

days 

% 

% 

% 

% 


0 

2.32 

100.0 

0.315 

0.093 

20.5 

3 

1.39 

59.9 

0.244 

0.129 

10.2 

3 

1.56 

67.2 

0.249 

0.146 

4.8 

3 

2.09 

90.1 

0.260 

0.149 

2.8 

3 

2.13 

91.8 

0.283 

0.125 

2.0 

3 

2.01 

86.6 

0.253 

0.154 


* Percentage of original. 


lost 40 per cent, of its original sugar content whereas only eight per cent, 
had been lost at an oxygen concentration of 2.8 per cent. In other words, 
sugar losses from asparagus under low oxygen were only one-fifth of those 
occurring in normal air. 

Comparing the respiration data with the results of the chemical analyses, 
it became apparent that in any one treatment sugar losses account for only 
one-half to two-thirds of the total quantity of carbon dioxide evolved. The 
same observation was made by the writer in earlier experiments (7), and at 
that time the suggestion was offered that part of the substrate used in respi¬ 
ration of asparagus is furnished by the products of protein hydrolysis. The 
present data confirm this assumption. There was a definite decrease in pro¬ 
tein nitrogen with a corresponding rise in soluble nitrogen during storage. 
Proteolysis was most active in the sample stored in normal air, it was some¬ 
what slow T er at low concentrations of oxygen. 

Essentially the same trends in respiration rates were observed when 
asparagus was stored at a temperature of 10° C. at three levels of oxygen. 
Because of technical difficulties, records were obtained only for carbon 
dioxide production. The results of this experiment (table II) show that 
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TABLE II 

Respiration rates of asparagus stored at 10° C. and at three levels 

OF OXYGEN FOR SEVEN DAYS 


Oxygen content 

OF THE STORAGE 
ATMOSPHERE 


% 

20.5 

2.1 

1.2 


Milliliters carbon dioxide per kilogram per hour 


1st 

2nd 

3rd 

4th and 

6th and 

Average for 

DAY 

DAY 

DAY 

5th day 

7th day 

SEVEN-DAY 
PERIOD 

ml . 

ml . 

nil . 

ml . 

ml . 

nil . 

86.3 

68.9 

61.9 

52.8 

53.6 

61.4 

57.5 

40.8 

51.9 

41.7 

28.5 

41.5 

44.2 

28.3 

28.6 

20.3 

25.2 

27.4 


the respiration rate could be reduced as much as 55 per cent, by lowering 
the oxygen content of the storage atmosphere to 1.2 per cent. Significant 
is the fact that 1.2 per cent, oxygen in the air was sufficient to maintain 
aerobic respiration at a temperature of 10° C. After seven days, the sam¬ 
ples showed no signs of injury nor was there any odor of alcohol perceptible 
in the chambers. Also, the fact that the carbon dioxide production at 1.2 
per cent, oxygen was considerably lower than it was at 2.1 per cent, indi¬ 
cates that at a temperature of 10° C. the extinction point of N R lies close 
to 1.2 per cent, oxygen or even lower. 


Spinach 

The respiration rates of spinach held for three days at a temperature 
of 20° C. were measured at three levels of oxygen. The results are ex¬ 
pressed graphically in figure 4. Obviously, the number of points definitely 
located is too small to show more than a general trend in the slope of the 
curves. It is apparent, however, that changes in the oxygen concentration 
above five per cent, had little effect on carbon dioxide production. Only at 
an oxygen level of 0.8 per cent, was a significant reduction in respiration 



Fig. 4. Rates of oxygen consumption and carbon dioxide production of spinach at 
three levels of oxygen during the first and third day of storage. 
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rate obtained. At that concentration, carbon dioxide output had decreased 
to 65 per cent, on the first, and to 48 per cent, on the third day of storage. 
In no instance did carbon dioxide production exceed oxygen consumption, 
although the respiratory quotient showed a tendency to become larger at 
lower levels of oxygen. 

Spinach in normal air has an unusually low respiratory quotient. This 
may be due to the continuous formation of oxalic acid or other organic com¬ 
pounds of high oxygen content or it may be caused by the decomposition of 
proteins and their utilization as substrate in respiration. Whatever the re¬ 
action involved may be, a lowering of the oxygen content of the storage 
atmosphere seems to inhibit that process. It is of practical significance that 
an oxygen concentration of 0.8 per cent, reduced respiration to nearly one- 
half its normal rate, but was sufficient to maintain normal aerobic respira¬ 
tion. The sample held in that particular gas mixture showed no signs of 
injury; in fact, it was definitely superior in appearance and taste to that 
stored in normal air. 

Snap beans 

As shown in figure 5, the response of snap beans to low concentrations of 



Fig. 5. Bates of oxygen consumption and carbon dioxide production of snap beans 
at four levels of atmospheric oxygen during the first and fourth day of storage. 

oxygen at a temperature of 20° C. was similar to that of spinach. Reducing 
the oxygen content of the air to 4.4 per cent, had little effect; but at a con¬ 
centration of 1.2 per cent, the average carbon dioxide evolution during the 
four-day period was only about 50 per cent, of that which was produced in 
normal air. Within the experimental range of oxygen concentrations, the 
respiratory quotient always remained below unity, and this is in accord with 
the fact that none of the samples developed symptoms of injury which could 
be traced to anaerobic respiration. 

Shelled peas 

The respiration curves for shelled peas at a temperature of 20° C. dif¬ 
fered in several respects from those of other vegetables. Figure 6 shows 
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Fig. 6. Rates of oxygen consumption and carbon dioxide production of shelled peas 
at five levels of oxygen during the first and second day of storage. 

that within the experimental range a nearly linear relationship existed be¬ 
tween carbon dioxide production and the oxygen content of the air. The 
respiratory quotient was well above 1.0 at all concentrations during the first 
day but dropped to a level close to unity a day later. Only at the lowest 
oxygen level did carbon dioxide production exceed oxygen consumption con¬ 
sistently. 

Fermentation occurred in the samples held at oxygen concentrations of 
0.8 and 2.8 per cent. This was evident from the strong alcoholic odor of 
these particular samples and from the pronounced off-flavor before and after 
cooking. Moreover, the surface of these peas showed a brown discoloration, 
and the seed coat of some had burst. Although there can be no doubt that 
in these samples fermentation occurred simultaneously with aerobic respira¬ 
tion, the combined production of carbon dioxide from these two processes did 
not cause a secondary rise in carbon dioxide output at extremely low oxygen 
levels as had been observed in asparagus. It is almost impossible, therefore, 

TABLE III 

Effect of oxygen concentration in the atmosphere on total sugars of shelled 

PEAS HELD AT 20° C. DATA ARE EXPRESSED ON THE BASIS 
OF ORIGINAL FRESII WEIGHT 


Oxygen content 

OF TnE STORAGE 
ATMOSPHERE 

Storage 

PERIOD 

Total 
; sugars 

Sugar 

retained* 

% 

days 

% 

% 


0 

6.43 

100.0 

20.5 

2 

1.76 

27.4 

11.4 

2 

3.09 

48.1 

4.4 

2 

4.46 

69.4 

2.9 

2 

4.44 

69.1 


' Percentage of original. 
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to establish the exact location of the extinction point of N R from inspection 
of the respiration curves alone. 

In commercial practice beneficial results can be expected from storing 
peas under low oxygen tension, provided the concentration remains suffi¬ 
ciently high to prevent fermentation. At a temperature of 20° C., the best 
results were obtained at an oxygen level of 4.4 per cent. At this concentra¬ 
tion, the average carbon dioxide production was reduced 56 per cent. The 
degree to which sugar losses were inhibited was even more pronounced than 
the respiration data would indicate. As shown in table III, the control lot 
had retained only 27 per cent, of its original sugar content while 69 per cent., 
that is, more than 2i times as much, was retained in the sample kept at 4.4 
per cent, oxygen. 

Carrots 

The respiratory behavior of carrot roots, illustrated in figure 7, changed 
considerably during the six-day storage period. The maximum reduction 



Fig. 7. Bates of oxygen consumption and carbon dioxide production of carrots at 
four levels of oxygen during the first and sixth day of storage. 

in carbon dioxide production observed within the experimental range re¬ 
mained close to 30 per cent, regardless of the fact that the respiratory in¬ 
tensity of all samples declined steadily as time progressed. In the begin¬ 
ning, the respiratory quotient ranged from 1.05 in normal air to 5.8 at 2.3 
per cent, oxygen. Gradually the respiratory quotient became smaller, and 
on the sixth day, two of the samples had reached values slightly below unity. 
Only at the lowest oxygen concentration did the quotient remain above 2.0 
at all times. After the first day, a secondary rise in carbon dioxide pro¬ 
duction was observed at oxygen levels below 4.8 per cent. This rise per¬ 
sisted; in fact, it became more pronounced during the latter part of the 
storage period. 

Only the sample held at an oxygen concentration of 2.3 per cent, ap¬ 
peared to be permanently injured by toxic end-products of anaerobic respi- 



PLATENIUS: OXYGEN CONCENTRATION AND RESPIRATION 


681 


ration. This particular sample had lost its turgor and showed all the other 
symptoms of injury from an insufficient oxygen supply. The carrots kept 
at an oxygen level of 4.8 per cent., the next higher concentration employed, 
remained in sound condition in spite of the fact that the initial respiratory 
quotient was as high as 1.8. 

In this connection, it should be mentioned that in another experiment 
carrots were kept in excellent condition for six months when stored at a 
temperature of 2° C. in an atmosphere containing one to two per cent, 
oxygen. This serves as additional proof that the danger of injury from 
anaerobic respiration is lessened as the storage temperature is lowered. 

Discussion 

In analyzing the results of respiration experiments, one must keep in 
mind that the measured rate of gas exchange deals only with two compounds 
of the entire chain of reactions that make up the complex process of respira¬ 
tion. Without quantitative chemical analyses showing which organic con¬ 
stituents serve as substrates and which compounds are formed as inter¬ 
mediate and end products, it is impossible to gain a clear understanding of 
the mechanism of plant respiration. Even if data of such a detailed study 
were available for one kind of plant tissue, it would be a fallacy to assume 
that different species or different organs of the same plant have the same 
respiratory mechanism. Moreover, there is sufficient evidence to show that 
the course of respiration of any one tissue may change materially with varia¬ 
tions in temperature and other environmental conditions. Interpretations 
of the experimental data of this study are made with these limitations in 
mind. 

An examination of the data on oxygen absorption shows that within the 
experimental range any decrease in the concentration of atmospheric oxygen 
produced a corresponding drop in the rate at which oxygen was consumed. 
This relationship was by no means a linear one. An increment in the oxy¬ 
gen content of the air caused a greater increase in oxygen consumption at 
low levels of oxygen than it did at levels close to normal. Also, the response 
to changes in oxygen concentration was more pronounced in the beginning 
of the storage period than later. Finally, the magnitude of the response 
varied with different types of tissue. 

These observations lead to the conclusion that in the five vegetables ex¬ 
amined, oxygen becomes a limiting factor of respiration whenever its con¬ 
centration drops below that of normal air; and the extent to which the utili¬ 
zation of oxygen is reduced depends on the partial pressure of the gas in 
the air, the relative respiratory intensity in normal air, and possibly to the 
permeability of the tissue to oxygen. 

The data for carbon dioxide production can be interpreted correctly only 
if the corresponding values of oxygen are taken into account. The role of 
oxygen in respiration is two-fold: It is a reactant in normal aerobic respira¬ 
tion, and it inhibits anaerobic anabolism. The second function of oxygen is 
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known as the Pasteur effect. As defined by Dixon ( 4 ) it is the action of 
oxygen on living cells which reduces carbohydrate destruction and sup¬ 
presses or diminishes the accumulation of the products of anaerobic metabo¬ 
lism. The Pasteur effect comes into play whenever the storage atmosphere 
contains small quantities of oxygen but complete depression of anaerobic 
respiration is not attained until a certain threshold concentration is reached. 
Blackman ( 2 ) has called this threshold concentration the extinction point 
of N R, that is the concentration of oxygen at which the course of respira¬ 
tion followed in an atmosphere of pure nitrogen ceases to exist. Below the 
extinction point, carbon dioxide production, as measured experimentally, 
consists of the combined gaseous end products of aerobic and anaerobic 
respiration. Depending on the intensity of anaerobic respiration, the values 
for total carbon dioxide output may actually increase below the extinction 
point. This was found to be true in asparagus during the first and second 
day and in carrots after the first day of storage. A similar secondary rise 
below the extinction point was observed by Blackman ( 2 ) in apples held at 
low concentrations of oxygen. In these tissues the extinction point of N R 
is obviously close to the oxygen concentration at which total carbon dioxide 
production is at a minimum. 

It is more difficult to determine the position of the extinction point in 
plant tissues which fail to show a secondary rise in carbon dioxide produc¬ 
tion. A sudden increase in the respiratory quotient may indicate the be¬ 
ginning of anaerobic respiration, but it must be remembered that a quotient 
above unity in itself cannot be taken as evidence that fermentation is taking 
place. The respiratory curves of shelled peas, for instance, show a respira¬ 
tory quotient considerably higher than unity at all concentrations within 
the experimental range; but injury from anaerobic respiration was apparent 
only in the samples held at oxygen Revels of less than three per cent. It is 
evident, therefore, that the exact location of the extinction point cannot al¬ 
ways be determined by inspection of the respiration data. In fact, for prac¬ 
tical purposes the appearance of symptoms of injury and the presence of an 
alcoholic odor in the chamber seem to be a safer and more sensitive index of 
how far the oxygen content of the storage atmosphere can be lowered without 
harmful effects. 

Important is the fact that different plant tissues vary considerably in 
their tolerance to low levels of oxygen in the atmosphere. Oxygen concen¬ 
trations of less than one per cent, were sufficient to maintain normal aerobic 
respiration in spinach and snap beans while shelled peas did not tolerate 
levels below four per cent. Also, there was evidence that the tolerance to 
low oxygen increases with the aging of the tissue or with a lowering of the 
storage temperature. 

The degree to which the rate of respiration could be reduced varied with 
different vegetables. In some, the reduction exceeded fifty per cent.; in 
others it was barely forty per cent, for the entire storage period. Certainly, 
these results conflict with the statement commonly made that the oxygen 



PLATENIUS: OXYGEN CONCENTRATION AND RESPIRATION 683 

content of the air has little influence on the respiratory rate of plant tissue. 
In fact, the magnitude of the effect of low oxygen storage on respiration 
suggests that the benefit from modified atmosphere storage, in which part 
of the oxygen is replaced by carbon dioxide, is due chiefly to the limited 
oxygen supply rather than to the presence of carbon dioxide. Additional 
experimental data are needed to determine quantitatively the effect that 
these two gases have on the respiration rate of various fruits and vegetables. 

On the basis of results obtained thus far, it appears that holding fruits 
and vegetables in an atmosphere of low oxygen content offers possibilities as 
a practical method of storage. It has been shown that in some vegetables 
the retention of sugars is even greater than could be expected from the 
respiration data. Moreover, recent unpublished data have demonstrated 
that low oxygen is equally effective in retarding the destruction of ascorbic 
acid. 

Several limitations and technical difficulties must be recognized. Aside 
from the fact that low oxygen storage requires gas-tight storage rooms, pro¬ 
visions have to be made for the continuous removal of carbon dioxide. In 
order to avoid injury from anaerobic respiration and to obtain maximum 
benefits, the oxygen concentration in the atmosphere must be maintained 
within a narrow range, the exact range being specific for each crop and each 
temperature. It also should be pointed out that many fruits and vegetables 
spoil because of storage diseases long before an appreciable loss in carbo¬ 
hydrates has occurred. In the course of recent experiments, it was fre¬ 
quently observed that molds and bacteria grow equally well at an oxygen 
concentration of one per cent, as in normal air. Even the presence of 20 per 
cent, carbon dioxide in the atmosphere was ineffective in controlling the 
spread of storage diseases. Consequently, beneficial results from low oxy¬ 
gen storage can be expected only for those crops which are highly perishable 
because rapid respiration or oxidation of ascorbic acid are important factors 
in deterioration. 

Summary 

Five vegetables, asparagus, spinach, snap beans, shelled peas, and carrots 
were held in respiration chambers in which part of the oxygen was replaced 
by nitrogen. A definite concentration of oxygen within the range of 0.8 to 
20.5 per cent, vas maintained in each chamber. Average daily rates of oxy¬ 
gen consumption and carbon dioxide production were determined. 

The critical oxygen concentration below which the tissue was injured by 
anaerobic respiration (extinction point of N R) was about one per cent, for 
spinach and snap beans, 2.5 per cent, for asparagus, and four per cent, for 
peas and carrots when held for several days at 20° C. There was evidence 
that the tissue became more tolerant to low oxygen with aging and with a 
lowering of the storage temperature. 

By choosing the most effective oxygen concentration, the respiration rate 
as measured by carbon dioxide production could be reduced about 50 per 
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cent. At the most effective oxygen level, the respiration rate of asparagus 
was 40, and that of carrots 65, per cent, of the rate in normal air. 

Sugar losses occurring in the course of respiration were determined for 
asparagus and peas. At the most effective levels of oxygen, asparagus re¬ 
tained eight times and peas two and one-half times as much sugar as com¬ 
parable samples in normal air. It was shown that in asparagus proteins 
furnish about one-third of the substrate of respiration. 

Cornell University 
Ithaca, New York 
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GERMINATION, GROWTH, AND RESPIRATION OP RICE AND 
BARLEY SEEDLINGS AT LOW OXYGEN 
PRESSURES 

J. Vlamis and A. R. Davis 
(with five figures) 

An extreme sensitivity to oxygen deficiency is demonstrated by barley 
seeds undergoing germination. The presence of a film of water above the 
seeds, for example, inhibits their germination and rapidly leads to fermen¬ 
tation of a pronounced character with a rapid disintegration of the tissues. 
This mortality may be partly reduced by forcing a stream of air through 
the water. 

On the other hand, it is a common agricultural practice to germinate rice 
seeds in standing water 1 to several centimeters in depth. This behavior of 
rice has been observed on several occasions but with one recent exception, 
no attempt has been made to establish the oxygen relations of germinating 
rice on a quantitative basis. 

In an exhaustive review of the literature on oxygen relations of plants 
( 6 ), the general effects on the respiration of a wide variety of plants show 
an independence of oxygen until a partial pressure of 2 per cent, oxygen is 
reached. Below this point a very sharp decline follows in respiration, mea¬ 
sured in most experiments by carbon dioxide production. 

Mack (6) germinated wheat seeds aerobically and after 42 hours trans¬ 
ferred the seedlings to 12 different oxygen tensions ranging from 0.6 per 
cent, to 98.3 per cent, and covering five temperatures from 10° C. to 30° C. 
at 5 degree intervals. The carbon dioxide evolved was measured at several 
intervals within a 46-hour period and the shoot lengths determined at the 
end of this time. The anticipated inter-dependence of temperature and 
oxygen was found. The respiration curves for each of the 3 highest tem¬ 
peratures, oxygen taken as the variable, assume parallel shapes differing 
only as to absolute values. The effect on shoot growth is greater than that 
on respiration in response to temperature change, and to oxygen at the 
lowest pressures. The maximum in respiration occurs uniformly at 30° C., 
and the shoot growth attains a maximum between 20° and 25° C. 

Takahashi (11) germinated rice in oxygen-free water but growth was 
limited to a small amount of plumule development which ceased after reach¬ 
ing a length of 3 cm. Yokoi (14) likewise obtained only shoot growth of 
rice under water, and in sand cultures the relative growth of the radicle 
increased at the expense of the shoot as the water content of the sand de¬ 
clined. These observations have been repeated by Nagai (10). The germi¬ 
nation of rice on the surface of submerged soil has been found to be superior 
to that of seeds placed below the soil (5). 

The catalase activity in barley, wheat, and rice has been compared in 
aerobic and anaerobic atmospheres (7). The catalase activity was shown to 
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decrease in aerobically germinated seeds. Bermuda grass and cat-tail have 
been found to have a superior germination under reduced oxygen pressure 
( 8 , 9 ). 

Respiratory quotients of barley and several types of rice seeds germi¬ 
nated in air and water have been found to vary considerably (1), but the 
existing oxygen pressures in the environment were not determined. 

A recent comparison of wheat and rice showed a rapid decline in growth 
and in oxygen consumption for both types of seeds as the partial pressure 
of oxygen was lowered (12). The total carbon dioxide production likewise 
declined for wheat but increased with rice and reached a maximum as oxy¬ 
gen pressure approached zero. . These results were obtained on seedlings 
germinated aerobically for brief periods and placed under the experimental 
conditions for intervals ranging from 1 to 96 hours. 

Results 

Oxygen consumption of seedlings germinated aerobically 

The seeds used throughout were Sacramento barley, and Carreon Upland 
rice from the Philippines. Seeds were germinated aerobically between 2 
screens, of which the lower was covered by cheese cloth, and the upper by 
mosquito netting. Moisture was maintained by wick action of the cloth 
dipping into a pan of water. The details of the procedure have been 
described previously (4). 

Germination occurred in a dark room controlled at 25° C. When the 
seedlings attained a 2-cm. shoot length, they were placed in experimental 
vessels of the Fenn apparatus (2) to measure the oxygen consumption under 
six oxygen pressures. 

Mixtures of oxygen and nitrogen were prepared such as to give partial 
pressures of 9.5, 5.2, 2.7,1.0 and 0.2 per cent, oxygen. Atmospheric air pro¬ 
vided 21 per cent, oxygen. 

The analysis for oxygen was performed by the Winkler method (13), and 
a colorimetric procedure based on oxidation of metallic copper to blue cupric 
ion (3). 

For each measurement the seedlings were introduced into the vessel and 
the oxygen uptake measured at 21 per cent, oxygen until equilibrium was 
established, usually within one hour. Then one of the gas mixtures -was 
introduced and the oxygen uptake measured for that pressure of oxygen. 
This provided a method of relating all rates of respiration to those found at 
21 per cent, which ^bitrarily received a value of 100. All determinations 
were made in triplicate at 23.5° C. 

The curves for rice and barley seedling respiration (oxygen consump¬ 
tion) are shown in figure 1 and appear very similar, giving a steep trend 
from 0.2 per cent, to 9.5 per cent, oxygen. 

« 

Carbon dioxide production of seedlings germinated aerobicallt 

The respiration of seedlings similar to those above 'was also compared 
with respect to carbon dioxide production at 21 per cent, and 0.2 per cent. 
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Fig. 1. Relative oxygen consumption under different oxygen tensions of rice and 
barley seedlings germinated aerobically. 

oxygen. This was clone by passing the C0 2 -free gas under pressure at the 
rate of 1 liter per hour through a half-liter Erlenraeyer flask containing 
25 barley or rice seedlings. A double layer of filter paper at the bottom of 
the flask retained sufficient moisture to maintain a saturated atmosphere. 
The time required for a series of determinations was less than 12 hours. 
The temperature was maintained at 25° C. 

The carbon dioxide released was absorbed in KOH towers and titrated 
to the endpoint of phenolphthalein. The data (table I) show the reduction 
in respiration of rice and barley seedlings under 0.2 per cent, oxygen. For 
both plants this amounts to about 50 per cent, of the C0 2 evolved under 21 
per cent, oxygen. 


Germination and growth at different oxygen tensions 

The preceding experiments measured the oxygen sensitivity Of barley 
and rice seedlings germinated under the usual aerobic atmosphere. A 


TABLE I 

Anaerobic C0 2 production at 25° C. 


T\ PE OF RESPIRATION 

Aerobic (21% oxygen) 
Anaerobic (0.2 % oxygen) 


Barley 

Rice 

100 

100 

50.0 

49.5 

54.5 

49.0 

52.0 

56.5 

51.5 

50*0 

52.5 

53.8 

eo o 

0 * 4 . 

51.8 


Average anaerobic 
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Fig. 2. Germination of rice and barley seeds in various mixtures of oxygen and 
nitrogen renewed every 24 hours. 

further comparison was undertaken to germinate seeds under several partial 
pressures of oxygen from the earliest stage of germination. 

Twenty-five dry seeds were placed on 2 filter papers in each of six 500-ml. 
Brlenmeyer flasks equipped with inlet and outlet tubes. Each flask was 
filled with distilled water saturated at the required oxygen pressures. 

After 18 hours the water was displaced by a known oxygen-nitrogen mix¬ 
ture und£r pressure, leaving sufficient water to maintain the filter moist, 



Fig. 3. Belative root and shoot fresh weight in oxygen-nitrogen mixtures renewed 
every 24 hours. 
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while avoiding any seed submersion. The atmosphere thus provided was 
renewed every 24 hours so that a fresh supply of the gas mixture was avail¬ 
able once daily. The temperature was kept constant at 25° C. 

Barley seedlings were harvested after a period of 5 days, while the rice 
was grown for 11 days. This difference in time was imposed by the slower 
rate of development in rice. 

The percentage of germination for barley (fig. 2) is not unlike the 
oxygen consumption curve of barley seedlings germinated aerobically (fig. 
1). The germination of rice shows a contrasting reaction to low oxygen 
pressure, and the percentage of seed germinated is independent of oxygen 
tension. 

The growth values (fig. 3) are based relatively on those at 21 per cent, 
oxygen which are taken as 100. The root growth curves of rice and barley 
are very similar although rice does show a slightly higher trend than barley 
at the lower oxygen values. 

The shoot growth of barley is of the same character as the root response, 
whereas rice shoots show as much growth in 2.0 per cent, oxygen as in 21 
per cent. 

An unsatisfactory feature of this experiment is to be found in the static 
atmosphere. Even with daily renewals the accumulation of some carbon 
dioxide and the inevitable reduction of the initial oxygen content represent 
a certain uncontrolled variation. 

Germination, growth, and respiration 

In order to meet the objections described above, seeds were germinated in 
continual streams of gas mixtures with known oxygen content. This auto¬ 
matically provided a means of measuring respiration by absorbing in alkali 
tubes the carbon dioxide evolved. 

The culture chamber again consisted of a half-liter Erlenmeyer flask 
containing two filter papers and a rubber stopper with 2 glass tubes. On 
the inlet side provision was made for elimination of any C0 2 in the incoming 
gas by absorption in strong alkali. The outlet tube led to the standard 
alkali absorption tower. The rate of aeration equalled 1 liter per hour, 
which was adequate to maintain the oxygen levels for all mixtures except the 
0.2 per cent, (anaerobic) level. 

Seeds were placed in the Erlemnevers and soaked overnight in water 
aerated with the respective oxygen mixtures. After forcing the liquid from 
the flasks, the respiration measurements were started immediately and obser¬ 
vations made at frequent intervals continuously until the termination of 
the experiment. Barley was harvested after 5 days and rice after 11 days. 

The relative fresh weights are illustrated in figure 4, and show in an 
accentuated form the data obtained in the preceding experiment. Barley 
root and shoot growth rapidly declines as the oxygen pressure goes below 
9.5 per cent. The rice roots have a slightly lower rate of decrease than bar¬ 
ley shoots or roots, but the difference is not enough to be of great significance. 



690 


PLANT PHYSIOLOGY 



Fig. 4. Relative root and shoot frosli weight in continuous streams of oxygen-nitro¬ 
gen mixtures. 

The rice shoots at all pressures ranging from 0.2 per cent, to 5.2 per 
cent, oxygen are considerably larger than at the 2 highest pressures. In 



Fig. 5. Total carbon dioxide evolved and total fresh weight in continuous streams 
of oxygen-nitrogen mixtures. 
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fact, the highest oxygen tension (21 per cent.) actually yielded the minimum 
value in shoot growth, although the difference from the next value (9.5 per 
cent, oxygen) is not very large. 

The respiratory quantities express the total carbon dioxide production 
throughout the germination and growth of the seedlings (fig. 5). The bar¬ 
ley curve follows the previous patterns while that of rice is slightly higher 
than barley at the four lowest oxygen pressures. Some such relation would 
be anticipated on the basis of the differences found in growth at low oxygen 
tensions, especially with reference to the rice shoots. 

The total growth is also presented to show the relation of total respira¬ 
tion to the combined root and shoot growth. Further calculations to 
estimate the respiration per unit growth were not made in the absence of 
any assessment of the respective respiratory power of the shoot and root 
under low oxygen tensions. 

It is obvious that the rice seedlings germinated under low partial pres¬ 
sures of oxygen exhibit a dual character. This expresses itself on the one 
hand by the usual inhibiting effect on the development of the roots which is 
comparable to that occurring in barley root and shoot growth. On the other 
hand is found an apparent stimulation of the shoot system which results in 
a considerable increase over that undergoing aerobic germination. 

This dichotomy can hardly be explained by any such simple device, for 
example, that has implied an increased availability of some reserve sub¬ 
stances which are released to the shoots through the inability of the roots 
to utilize them. In a similar category is the prospect that a substance is 
produced by the roots under oxygen deficiency and increases the growth 
of the shoot at low oxygen pressures. Neither explanation provides a clue 
as to the origin of the unique behavior of the shoot system in the first place. 

Any attempt to elucidate the mechanism as its primary aim must mea¬ 
sure the anaerobic response of root and shoot separately without sacrificing 
too greatly in regard to time, the inter-relationships involved. In addition 
to the oxygen and carbon dioxide quantities exchanged, the effects of some 
anaerobic intermediates and end-products likewise require exploration in 
the hope of identifying the metabolic chain responsible for the behavior of 
the rice shoot at low oxygen tension. Possible toxicity effects on the shoots 
at the higher pressures also merit some attention. 

Summary 

Barley and rice seeds germinated aerobically were tested for respiratory 
behavior over short time intervals under partial pressures of oxygen rang¬ 
ing from 0.2 per cent, to 21 per cent. For both plants there is an equally 
rapid decline in oxygen consumption as the pressure goes below 9.5 per cent. 
Measured by carbon dioxide production, the respiratory activity of barley 
and rice at 0.2 per cent, oxygen is approximately half that at 21 per cent. 

Seeds were germinated under various oxygen pressures and continuously 
aerated with oxygen-nitrogen mixtures up to the time of harvesting. The 
carbon dioxide released throughout this time was measured periodically. 
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Barley root and shoot growth is considerably diminished below 9.5 per 
cent, oxygen. Bice roots undergo a smaller reduction in growth rate than 
barJey roots. Bice shoot growth is at a minimum at 21 per cent, and in¬ 
creases with declining oxygen pressure, reaching a maximum at approxi¬ 
mately 3 per cent. Below this pressure the growth of rice shoots is still 
significantly higher than at 21 per cent. 

The rate of evolution of carbon dioxide by rice decreases with lowered 
oxygen pressure and that by barley declines more rapidly. 

University of California 
Berkeley, California 
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FIRMNESS OF STRAWBERRIES AS MEASURED BY A 
PENETROMETER 

Leland Buekhaet 
(with two figures) 

Introduction 

Strawberries are subjected to compression, bruising, and shearing effects 
during harvesting, packing, and shipping. The resistance of the fruit to 
mechanical injury is related to firmness; hence there is needed a suitable 
method for measuring firmness in order to evaluate varietal differences, 
stage of maturity, or degree of ripeness, effects of environmental conditions 
during fruit development on firmness, and effects of different shipping and 
storage conditions on changes in firmness. 

The improved types of pressure testers (6, 10) designed for pomaceous 
fruits are not sufficiently sensitive for evaluating differences in firmness of 
strawberries. No satisfactory pressure tester has been reported for use on 
strawberry fruit (6). Resistance of strawberries to wounding was measured 
by Hawkins and Sando (8) as the pressure required to puncture the epi¬ 
dermis with a needle 636 microns in diameter. Culpepper ct al. (3) mea¬ 
sured the resistance of the strawberry to penetration by a small needle 
(0.032 inch in diameter). The depth of penetration was not indicated, how¬ 
ever; the sudden penetration of the needle was used as the end point. This 
needle tester gave an index of maturity but did not measure varietal differ¬ 
ences in firmness or resistance to crushing in shipping or handling. This 
device did not give a measure of the resistance of the first to deformation or 
flattening as does the pressure or squeeze tester developed by Haller ct aL 
(7). This tester which measured the resistance to flattening of the fruit is 
a modification of the type described by Verner (14). A 2,000-gram scale 
was used and the plunger disc moved through a distance of £ inch. Full 
ripe berries of approximately the same stage of maturity were used. A 
direct correlation was found to exist between the dry weight and. firmness 
of the different varieties. 

In order to determine the effect of moisture on the softness of berries, 
Kimbrough (9) used a sweet-corn tester, with a plunger J-inch in diameter 
which registered in grains the pressure needed to penetrate the berry. 
Berries from watered plants were larger and softer than from the unwatered 
plants. 

Shoemaker and Greve (13) adapted an apple pressure tester to straw¬ 
berries. A plunger i-inch in diameter was used. Readings were taken when 
the plunger had been forced f-inoh into the berry at a point one third the 
distance from the calyx to the apical end. The end point of penetration was 
indicated by electrical contacts. Firmness increased through the season, 
June 11th to 16th, and this was attributed to the smaller size of the berry. 

693 
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Clark ( 4 ) used a pressure tester with a plunger ^-inch in diameter for 
ripe berries. Force was applied by hand until the plunger penetrated £-ineh 
into the berry. Darrow (5) used this tester and found that fertilizers had 
no effect on firmness of strawberries. 

One of the chief disadvantages of these previously reported pressure 
testers is that the applied force is not mechanically controlled. 


Strawberry penetrometer 

The improved type of penetrometer as shown in figure 1 and described 
herein is designed to include a controlled application of the pressure neces¬ 
sary for fruit penetration by the plunger. The pressure was applied by the 
delivery of 30-mesh zinc metal from a funnel burette, at a uniform rate of 
10 grams per second, to a container resting on the platform of a spring 



Fia. 1. Left: Photograph of the penetrometer showing controlled uniform late of 
application of force at A which is transmitted to the strawbeiry fruit placed under the 
plunger at B. The force is applied as 30 mesh zinc metal delivered from the funnel 
burette at A. Right: Diagram showing fruit penetration by the x>cnetrometer plunger. 

balance of 1000-grams capacity. The applied force is transmitted from the 
platform to the fruit plunger 6 mm. in diameter by means of a steel rod 
fastened to the platform. On the basis of the structure of the fruit and 
observations that tissue breakdown occurs initially in the cortical region of 
the fruit, a penetration of 5 mm. proved satisfactory in the vulnerable zone 
of greatest diameter which is one-third the distance from the calyx to the 
apical end. The distance of 5 mm. traversed by the plunger into the fruit 
is conveniently indicated by the deflection of the pointer on the dial from 
the zero reading of 100 to the dial reading 250. The dial reading of 250 is 
the endpoint of the determination obtained by immediately stopping the 
flow of zinc by releasing the pinchcock. The firmness of the fruit is indi¬ 
cated by the weight of zinc required to overcome the resistance of the fruit 
to plunger penetration which is obtained after subtracting the resistance 
of the balance to the passage of the plunger through air. 
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Results 

Variations in the chemical characteristic ascorbic acid ( 2 ) in sun-ripened 
and shade-ripened strawberries suggested the possibility that wide variation 
might occur in firmness as a physical characteristic of fruit grown under 
these different light conditions. There is shown in table I the effect of direct 
illumination and shading of foliage on large, medium, and small Klondike 
strawberries. The fruit w r as picked for uniformity as to visual red color. 
Strawberries ripening in direct sunshine tend to be more firm than the 
shade-ripened fruit, and this tendency is consistent in the large, medium, 
and small fruits. Under these conditions of sunshine and shade, the larger 

TABLE I 

Strawberry pressure tests. Variation in firmness within and between 

SUN-RIPENED AND SHADE-RIPENED KLONDIKE STRAWBERRIES PICKED 
FROM AN EXPERIMENTAL FERTILITY FLOT* 



Berry 1 

Berry 2 

Berry 3 

Berry 4 

Berry 5 

Berry 6 

Mean 

Ft 

F 

F 

F 

F 

F 

F 


gm . 

gm . 

gm . 

gm . 

gm . 

gm . 

gm . 

Sun-ripened 








Large 

90- 96 

1 128-143 

135-167 

143-159 

148-155 

158-181 

142.9 

Medium 

80-128 

J 100-128 

134-164 

140-150 

148-158 

148-160 

137.0 

Small 

70- 72 

68-100 

148-159 

148-170 

150-154 

166-178 

131.8 

Shade-ripened 








Large 

64- 91 

86-110 

97-107 

117-125 

131-160 

161-174 

118.5 

Medium 

76- 86 

, 72- 98 

86- 96 

94-102 : 

114-124 

180-188 

109.6 

Small 

68- 70 

78- 80 

88- 94 | 

96-110 | 

102-118 

110-130 

93.3 


* Picked May 9; analyzed May 10. 

t Firmness of each berry is indicated by two determinations made at a right angle 
to each other in the same transverse plane. 


berries appear more firm than the smaller ones, which is not in agreement 
with the findings of Darrow (5). The largest variations in firmness oc¬ 
curred, however, between individual fruits under both light conditions and 
within a fruit as shown in table I. A more detailed report of the factors 
associated with these wide variations between fruits and within a fruit will 
appear in a later publication. These variations in firmness within typical 
samples of different varieties are shown in table II and the need of further 
study of the internal variations in samples is suggested. The mean values of 
firmness indicate wide varietal differences. It is possible that firmness values 
greater than 200 grams may indicate better shipping and keeping qualities 
than values below 200 grams. The possibilities of the penetrometer for 
measuring quantitative differences in firmness of new seedling strawberries 
developed in breeding programs is indicated. Seedling 3911-13 has a mean 
firmness value 200 per cent, greater than seedling 3805-06. 

Firmness of strawberries as related to stages of maturity or degree of 
ripeness on the basis of visual red color intensification is shown in figure 2., 
In the early stages of red coloration, firmness of the fruit decreased sharply. 
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TABLE II 

Variation in firmness within and between ripe strawberries of medium size in 

TYPICAL SAMPLES OF DIFFERENT VARIETIES* 


Variety 

Berry 1 

Berry 2 

Berry 3 

Berry 4 

Berry 5 

Berry 6 

Mean 

Ft 

F 

F 

F 

F 

F 

F 

Seedling 

gm . 

gm . 

gm . 

gm . 

gm . 

gm . 

gm . 

3803-06 

58- 70 

68-114 

84- 88 

88-108 

68-134 

132-144 

96.5 

Klondike 

100-106 

102-108 

104-118 

113-121 

124-136 

130-132 

116.1 

Missionary 

110-133 

122-129 

128-150 

152-159 

158-165 

178-180 

147.0 

Blakemore 

Seedling 

232-248 

232-252 

212-270 

232-276 

228-302 

252-278 

251.1 

3911-13 

234-276 

250-264 ‘ 

266-274 

298-318 

302-338 

344-350 

292.8 


* Picked April 29,1942; analyzed April 30, 1942. 

t Firmness of each berry is indicated as two determinations made at a right angle 
to each other in the same transverse plane. 


After reaching the pink stage the Klondike variety decreased more rapidly 
than the Pairmore. The firmness of the Fairmore variety is more stable 
during ripening than the Klondike variety. A marked varietal difference 
in firmness of plums as related to maturity on the basis of color change has 
been reported (7). In connection with the evaluation of stages of maturity 
on degrees of ripeness, there is also needed a quantitative measurement of 
the red color or anthocyanin concentration. As the strawberries reach an 
over-ripe condition, the internal tissue of the fruit breaks down, resulting in 
rupture of the skin and it is at that stage when the ascorbic acid content of 
the fruit is rapidly destroyed (10). 



Fur. 2. Firmness of Fairmore and Klondike varieties of strawberry fruit at different 
stages of fruit maturity as indicated by red color intensity. 




BURKHART: FIRMNESS OF STRAWBERRIES 


697 


The use of the penetrometer in evaluating effects of storage conditions 
on keeping and shipping quality of strawberries is suggested by the firmness 
values shown in table III. The low storage temperature increased firmness, 
and in this connection Hawkins and Sando (8) found that low temperatures 
increased the resistance of the strawberry epidermis to puncturing. The 
need of a refined sampling technique to increase the reliability of the firm¬ 
ness determinations for evaluating treatment differentials is indicated by 
the variation in the mean values of the respective samples which received 
the same fertilizer treatment. 


TABLE III 

Effect of storage temperature on firmness of ripe Blakemore strawberries 

SAMPLED FROM AN EXPERIMENTAL FIELD* 



April 25 

April 27 

AFTER 48 HR. 

AT 8° C. 

April 27 

AFTER 48 HR. 

at 27° C. 


gm. 

gm. 

gm. 

Sample A 

188.5 

234.6 

132.1 

Sample B 

195.6 ' 

227.4 

115.8 

Sample C 

204.5 

230.5 

125.8 

Sample D 

196.5 

217.1 

128.1 

Mean 

196.0 

227.5 

| 123.0 


* Picked April 24. Each \alue icpresents the mean of twelve determinations. 


Summary 

1. The improved penetrometer for measuring the firmness of straw¬ 
berries is designed to include a controlled uniform rate of application of the 
force necessary for fruit penetration by the plunger. A penetration depth 
of 5 mm. with a plunger 6 mm. in diameter proved satisfactory. The firmness 
of the fruit is indicated by the force required to overcome the resistance of 
the fruit to penetration by the plunger. 

2. Strawberries ripened in sunshine tend to be more firm than shade- 
ripened fruit. Larger berries appeared more firm than the smaller. 

3. Varietal differences in firmness are indicated and ranked in the fol¬ 
lowing descending order: Blakemore, Massey, Missionary, and Klondike. 
Two new seedling varieties differed in firmness to the extent of 200 per cent. 

4. Changes in firmness of Klondike and Fairmore strawberries during 
ripening are indicated. 

5. Wide variations in firmness occurred among fruits within samples and 
within individual fruits. These observations indicate the need of a refined 
sampling technique to increase the reliability of the firmness determinations 
for evaluating treatment differentials. The use of the penetrometer in evalu¬ 
ating changes in firmness under different storage conditions is indicated. 

North Carolina Agricultural Experiment Station 
Raleigh, North Carolina 
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SPECTROGRAPHIC ANALYSIS OF PLANT ASH FOR SEVERAL 
ELEMENTS SIMULTANEOUSLY 1 


R. C. Nelson, P. C. Hamm, and Y. S. Tsiang 
(with two figures) 

Introduction 

For studies of the relative mineral nutrient absorptive capacities of dif¬ 
ferent plant species or strains under varying environmental conditions, a 
method of determining all the elements of interest in a single series of opera¬ 
tions is a considerable convenience. The nature of quantitative spectroscopy 
suits it well to the solution of such problems. Important difficulties arise, 
however, in the standardization of the variations in burning the sample and 
making the photographic record; and in the uncertainties due to the inter¬ 
action of the elements of the sample. The first of these problems is ordi¬ 
narily met by the use of an internal standard, and the second by comparison 
of the unknown with preparations of similar composition made artificially. 
In the matter at hand, both of these devices are unduly laborious. 

Theoretical considerations 

Internal standardization usually involves the addition of a known quan¬ 
tity of an element not present in the sample, and the use of lines so obtained 
as density standards for the estimation of unknown quantities of other ele¬ 
ments. This succeeds only when the line of the standard and the line of the 
unknown which is compared with it are activated under the same conditions 
and are affected similarly by variations in the arc and in composition of 
sample; and when the two elements in question volatilize simultaneously 
during the burning of the sample. The first condition may be met by a pair 
of lines A\hieh are produced by corresponding shifts in their resiiective 
atoms. The second may be tested by the use of moving plate spectrograms, 
which reveal the relative times at which the elements in the sample pass 
into the arc. 

These conditions may usually be met, but often only with difficulty, and 
the use of a separate standard for each of six elements in an analysis would 
be troublesome. In a spectrograph of medium dispersion such a procedure 
would lead to a crowded spectrum, owing to the lines of the extraneous ele¬ 
ments introduced. 

At a sacrifice of some accuracy, and with the additional loss either of 
economy or sensitivity, this difficulty may be overcome by dispensing with 
the internal standard, and altering the other conditions of the analysis so 
as to reduce the variability or compensate for it. Brunstetter, Myers, 
Wilkins, and Hein (1) accomplished this by adjusting the conditions of 

1 Paper no. 2072, Scientific Journal Series, Minnesota Agricultural Experiment 
Station. 

m 
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the burning of the sample so that they were reproducible, with a concomitant 
loss of sensitivity. 

The instrument used in the present experiments, that described by Nel¬ 
son (3) is not sufficiently sensitive to permit this solution, but its economy 
of operation as regards photographic materials is such that it is possible 
to increase the number of exposures made of each sample without making 
the cost of a determination unduly large. By making four, or even eight 
exposures for the highest accuracy, it is possible to average out the vari¬ 
ations caused by irregularities in the arc, without requiring a great expendi¬ 
ture of either time or money. 

The interactions of elements in the arc and the effects of concentration 
of one upon the density of lines of another are not yet well understood. In 



Fig. 1. Effect of sodium acetate on line density. 

the analysis of plant ash the chief difficulty arises from differences in the 
quantity of sodium and potassium salts present. Figure 1 shows the effect 
of the addition of increasing amounts of sodium acetate upon the density 
of certain lines. Increasing the amount of sodium in the sample, under the 
conditions of these experiments, enhances the density of certain lead and 
magnesium lines, has a small effect upon a line of iron, and depresses a 
boron line. Other elements may also cause such effects or be similarly 
affected. It is thus apparent that the composition of the artificial standard 
from which the calibration curve is obtained must closely approximate that 
of the unknown sample. To make such a standard by trial and error would 
be very laborious. A more convenient method, using the unknown itself 
to obtain the calibration curve will be described. 

Let & be the concentration of an element in the unknown, expressed in 
micrograms per milliliter. By taking a series of different volumes of the 
unknown solution, containing Vi$r, V 2 x, etc., micrograms of the element, it 
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is possible to obtain a calibration curve in terms of x. If, now, a known 
quantity of the element is added to V a x, the density of the line will be in¬ 
creased to an extent corresponding to some determinable point on the cali¬ 
bration curve, V n x, or ViX + y micrograms = V n x, giving an equation which 
may be solved for x, after which numerical values may be attached to the 
proportional points of the calibration curve. By this means, the procedure 
is standardized, using a preparation which is almost identical in composi¬ 
tion with the unknown. When a large number of samples of similar com¬ 
position is being analyzed, a composite of several of them may be used as the 
unknown in this method. Known amounts of all the elements which are 
present only in small quantities may be added at once, although obviously 



Fia. 2. Standardization curves for magnesium and manganese. 

it is preferable not to add potassium to the unknown when standardizing it 
for the other elements. The value of V n may be obtained graphically or by 
solution of an equation fitted to the line density-volume values. 

Figure 2 illustrates this method. A curve was made by plotting line 
density against logarithm of volume of solution taken, using 0.02, 0.04, 0.06, 
and 0.08 ml. of the unknown and the follow ing equation fitted by the method 
of least squares. 

2 + log Y = 0.005 +1.61 x density 

Then, to 0.02 and to 0.04 ml. of the unknown were added 0.4 micrograms of 
manganese each. This addition resulted in line densities of 0.366 and 0.480, 
respectively, corresponding to volumes of 0.0392 ml. and 0.0598 ml. These 
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data correspond to concentrations of manganese in the sample of 20.8 and 
20.2 micrograms per ml., which is good agreement. It is thus possible to 
perform a spectrographic analysis of an unknown for several elements in 
a series of simple operations without the necessity of preparing an artificial 
standard. 

Experimentation 

The determinations herein described were made on a replica grating 
spectrograph of medium dispersion, using a DC arc of 40 volts drop across 
the arc and 25 amperes. The record was made upon Verichrome roll film 
which was developed 105 seconds in 1:1 D-72 at 38° C., stopped in dilute 
acetic acid, and fixed with F-5.' Although it would have been possible to 
use a sector disk at the stigmatic focus, it was found that gamma could be 
controlled well enough by care in development, and no attempt was made 
to measure the gamma of each film. 

One-gram samples of dry plant material were ashed, and the ash ex¬ 
tracted overnight at room temperature with 5 ml. of 3N hydrochloric acid. 
0.04 ml. of this solution was used for each exposure. Electrodes were puri¬ 
fied according to the method of Zeitlow, Hamm, and Nelson (4), after a 
cup 2 mm. deep and 4.5 mm. diameter had been drilled at one end of each 
electrode. This cup was first treated with a drop of a five per cent, solution 
of paraffin in toluene, after which the sample to be analyzed was pipetted 
into it and dried under a heat lamp. Electrodes were held three-sixteenths 
of an inch apart during burning, and arcing was continued for four seconds 
after the sample was all vaporized, as judged by the sound of the arc. Line 
densities were read using a densitometer designed for use with roll film and 
constructed in this laboratory. 2 Four exposures were made of each sample. 
Occasional exposures which were obviously weak across the whole range of 
wavelengths, indicating a gross derangement of the arc during burning, 
were eliminated by inspection, and not considered in calculation of results. 

Discussion 

The methods here described were developed specifically for application 
to the analysis of 36 clonal lines of common bromegrass (Browns incnnis 
Leyss.) which were being studied by Y. S. Tsiang. Results of this work will 
be published later, but some purely analytical aspects of this study will be 
mentioned here. The following table shows the mean squares of errors due 
to the analytical procedure compared with the mean squares of total ex¬ 
perimental error, computed according to the method of analysis of variance 
( 2 )- 


Element 

Wavelength of line 

Total error 

Spectrographic error 

Fe 

3020 A. 

220.79 

2.46 

Cu 

3247 

13.52 

8.23 

Ca 

3158 

1,654,441.0 

111.0 

Ha 

2576 

155.67 

0.88 

K 

3446 

1,151,410.0 

215.0 

Mg 

2782 

39,111.0 

257.0 

2 Nelson, 

R. C., and Hamm, P. C. 

Unpublished. 
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It will be seen that the error in determinatioh of copper is relatively 
large, owing probably to the difficulty of removing copper from the carbons 
in the purification process. Brunstetter et ah also found this to be true. 
Boron and aluminum might also have been determined, but were not of 
interest; knowledge of the phosphorus content would have been valuable, 
but phosphorus was not present in large enough quantity to permit reliable 
determination. There were seventy-two samples of each of which four 
exposures were made, using nine rolls of V-620 film having thirty-two 
exposures per roll. 

These procedures have been used in other similar problems and have 
proved quite satisfactory. It must always be remembered, however, that 
each type of spectrograph and each type of sample require especially 
adapted procedures to secure the best results. 

Summary 

A method is described for determining a number of elements simultane¬ 
ously in ash samples using an increased number of exposures, simple den¬ 
sity measurements without internal standardization, and a procedure for 
establishing a calibration curve without the use of an artificial standard. 
This technique was adapted to the analysis of samples of brome grass for 
iron, manganese, copper, calcium, potassium, and magnesium. 

Citrus Concentrates, Inc. 

Dunedin, Florida 
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DECOMPOSITION OF THE LEAVES OF SOME FOREST TREES 
UNDER FIELD CONDITIONS 1 

Felix G. Gustafson 
(with one figure) 

In the main the few studies that have been made on the decomposition 
of leaves have either been made under highly artificial conditions (5) or 
else over a short period of time (1, 3, 4). Therefore an experiment intended 
to supply natural conditions as nearly as possible and lasting a number of 
years was set up in the fall of 1934. 

Leaves of sugar maple, hickory (several species), white oak and black 
oak (several species) were collected from the ground during the period of 
leaf fall; needles from the red pine were collected from the tree, using 
needles ready to fall. Weighed quantities of air dry leaves were placed in 
wire baskets 24 x 24 x 6 inches made from galvanized wire. Half-inch mesh 
was used for all leaves except pines for which quarter-inch mesh was used 
to keep the needles from falling out. All baskets were supplied with a 
cover made from the same material as the rest of the basket. The baskets 
were placed in the field on November 17. The pine needles were placed under 
the. trees from which they had been collected. The others were placed in a 
mixed hardwood stand. Before the baskets with the leaves were put in place 
all fresh leaves were removed from the ground so that they rested on partly 
decayed leaves. The baskets were placed on level ground to insure that all 
parts came in intimate contact with the soil. Besides the single species or 
mixture of species as indicated above, the oak leaves and pine needles were 
mixed in the order of 72 per cent, of the former to 28 per cent, of the latter. 
This was done to simulate mixed stands of hardwood and conifers, and to 
discover whether there is any foundation for the general belief among for¬ 
esters that there is more rapid decomposition when pine and hardwood leaves 
occur together than when alone. 

The amount of leaves placed in each basket was not the same except in 
pine, because the leaves were put in weighed baskets first and then weighed. 
The pine needles were weighed separately and 400 grams put into each 
basket. The amount of the other leaves varied from about 200 to 300 grams 
per basket. This quantity of leaves was undoubtedly larger than that which 
would normally have accumulated on an area of four square feet during one 
season. The oven dry weight of corresponding samples of leaves were made 
so that every year comparisons could be made between oven dry leaves. 

At the time of setting up the experiments it was thought that maple and 
hickory leaves would decay very rapidly and therefore only four baskets 
were made up of these leaves, whereas eight baskets of the others were pre¬ 
pared. The original intention was to remove a basket each spring and fall, 

i Paper from the Department of Botany of the University of Michigan, no. 822. 
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but it was soon discovered that if this were done the supply would be used 
up long before the leaves had completely decayed; therefore, longer inter¬ 
vals were used in later years. 

Due to the difficulty of having the baskets made, about a month elapsed 
between gathering the leaves and placing them out, and during this period 
they remained in an air dried condition. As there was no appreciable rain 
until November, there was perhaps little or no delay in initiation of decay 
during the first fall. 

In the fall of 1935 large meshed wire netting was placed over the leaves 
in each basket and fresh leaves of the proper type put on top to simulate 
the fall of new leaves. No more leaves were added after this. 

Considerable difficulty was encountered in excluding new pine needles 
as they could easily fall through the top of the basket. The presence of the 


TABLE I 

Decomposition of leaves in percentage of the original material 


Plant 

May 18, 
1935 

Oct. 12, 
1935 

May 24, 
1936 

Oct. 23, 
1936 

June 2, 
1937 

Oct. 28, 
1938 

April 26, 
1942 


% 

% 

% 

% 

% 

% 

% 

Hickory 

15.0 

37.4 

53.1* 

37.0 




Sugar maple 

I 17.2 

1 30.0 i 

26.9 

31.9 




White oak 

| 9.0 

16.6 

37.4* 

28.4 

20.0 

24.3 

63.3 

Black oak 

10.5 

! 19.9 

23.5 

24.9 

27.4 

24.8 

46.1 

Oak and pine 

13.3 + 

24.8 

23.1 

26.4 

28.0 

44.9 

59.6 

Red pine 

5.7 

19.7 

i 

18.4 

21.9 

24.3 

38.3 



* These figures are way out of line but there is no adequate explanation for them. 

t In this sample the oak and pine leaves were weighed separately and loss calculated 
separately. The pine lost 8.25 per cent, and the oak 16.3 per cent., which are greater 
losses than when they were in separate baskets. 

top layer of needles helped to some extent but undoubtedly needles were 
included at times which had not been part of the original material. Some 
difficulty was also encountered in later years with other species as after the 
top layer of leaves had undergone considerable disintegration it was not 
possible to remove every bit of these leaves as some would fall through the 
coarse netting. Another difficulty was the introduction of soil to the bottom 
layer by worms working up through the soil, and also the growth of grass 
and other plants through the leaves. All possible care was exercised but 
undoubtedly the later collections contained material not included at the 
beginning, and it is believed that none of the original material w r as lost 
except through decay so that the loss recorded is somewhat less than it really 
was. In some instances tunnels of rodents were found under the baskets 
which would tend to reduce the decay because of lack of contact between 
the leaves and the soil. This was especially noticeable in the spring of 1942. 
The samples brought into the laboratory in the fall of 1937 were lost in the 
process of drying, by getting too hot and catching fire. 

The results are presented in table I. The pine and two hardwoods are 
also presented graphically in figure 1. 
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It will be noticed that during the first year there was a greater loss than 
during any succeeding year. This was no doubt due to the decay of the 
parenchyma tissue. As had been expected, the hickory and maple leaves 
decayed much more rapidly than those of the oaks; pines, on the other hand, 
decayed very slowly. No information on the composition of hickory and 
maple leaves has been found, but Waksman states that oak and pine have 
a high hemicellulose, cellulose, and lignin content, which would make them 
very resistant to bacterial action. 



Fig. 1. A graph showing the progressive decomposition of the leaves of red pine, 
sugar maple, and black oak. 

In the 1942 collection the black oak remnant consisted mostly of petioles. 
The white oak material was composed of recognizable leaf material as well 
as some petioles. The mixture of pine and oak had the pine needles well 
disintegrated, and so were the oak leaves. 

Figure 1 brings out a difference in the loss of material between the hard¬ 
wood leaves and the pine needles which is surprising, but easily explained. 
In the former, the slope of the curve flattens out after the first few collec¬ 
tions, whereas the curve for the pine continues at about the same slope. 
The early rapid disintegration in the hardwood leaves is due to the less resis¬ 
tant parenchyma tissue; but this leaves behind the veins and petioles com¬ 
posed extensively of lignified cells, which decay much more slowly. The 
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pine on the other hand does not have an extensive parenchyma system dis¬ 
tinct from the veins; and the rate of decay is never very rapid, but continues 
at much the same rate. 

The data favor the assumption made by foresters that a mixture of 
coniferous and hardwood leaves hastens the decay of both. It was not pos¬ 
sible, except in the first lot, to determine separately the loss in the two com¬ 
ponents; but this showed that both the pine and oak leaves lost more weight 
than when they were in separate baskets. The percentage loss is also 
greater, year by 3 T ear, than the oak and pine separately. As an explanation 
for this might be offered the fact that decaying pine needles produce an acid 
reaction, which would suppress bacterial activity, but increase fungal activ¬ 
ity. The presence of oak leaves with their high calcium content (2) would 
neutralize the decomposing material, and both bacteria and fungi would be 
active. The two acting together might decompose more material than fungi 
or bacteria alone. 

Summary 

While the experiment is admittedly imperfect, it nevertheless gives us 
some new information concerning the decay of some hardwood leaves and 
pine needles over a period of several years. It shows that such leaves as 
sugar maple and hickory decay much more rapidly than oak, and that oak 
leaves decay rapidly as long as parenchyma is concerned, but the large veins 
and petioles last many years. A mixture of pine and hardwood leaves 
increases the rate of decay of both kinds of leaves. 

The University of Michigan, 

Ann Arbor, Michigan 
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INTERNAL PRECIPITATION OF PHOSPHORUS IN RELATION 
TO ALUMINUM TOXICITY 1 

Kenneth E. Wright 

Various investigators (2, 4, 5, 6 , 7, 8 , 10, 15) have demonstrated that the 
toxic effects produced in certain plants grown on acid soil are caused pri¬ 
marily by the presence of aluminum in the soil. Poor growth of the plants 
has been attributed to a phosphorus deficiency caused by the precipitation 
of phosphorus in the soil by aluminum (3, 5, 6 , 8 , 10, 11, 12, 14). On the 
other hand, some research (4, 13, 17) has indicated that aluminum may 
precipitate phosphorus within the plant, and thus make it unavailable for 
metabolic processes. 

As recorded in an earlier publication (20), the writer grew barley in 
drip culture solutions wherein the root system was divided, each half being 
placed in separate containers, and receiving different culture solutions. By 
this method a plant could have access both to aluminum and to phosphorus, 
and precipitation in the culture solution could be avoided. Analyses for 
phosphorus and for aluminum in the various plant fractions revealed that 
the internal precipitation of phosphorus by aluminum evidently plays an 
important role in the poor development of plants grown in contact with 
aluminum. The findings reported in this paper further support the thesis 
that aluminum toxicity may in part be caused by the precipitation of phos¬ 
phorus internally, thus inactivating phosphorus. 

Procedure 

Barley seeds were germinated on a disc in distilled water. One week 
later the plants were transferred to a modified Hartwell and Pember ( 8 ) 
culture solution. The modification consisted in increasing the phosphorus 
to 12 p.p.m., and in adding 1 p.p.m. each of boron and manganese. Two 
hundred plants were placed in this solution. Three hundred plants were 
placed in a similar solution to which had been added 8 p.p.m. of aluminum. 


TABLE I 

Phosphorus content or barley with various extracting media 


Determinations 

Normal plants 

Aluminum-toxic plants 

Tops 

Roots 

Whole 

Tops 

Roots 

Whole 

Dry weight, grams . 

83.34 

16.66 

100.00 

18.50 

8.35 

26.85 

Total phosphorus, % 

0.86 

1.07 

0.89 

0.76 

2.30 

1.24 

Water-soluble phosphorus, % 

0.82 

0.92 

0.84 

0.70 

0.39 

0.60 

pH 3 Sulphuric-acid-soluble 

phosphorus, % . 

pH X Sulphuric-acid- (1 % ) 
soluble phosphorus, % 

0.87 

3.07 

0.90 

0.75 

0.53 

0.68 

.0.84 

1.08 

0.88 

0.80 

2.02 

1.18 


t Contribution no. 642 of the Bhode Island Agricultural Experiment Station. 
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Five weeks later the plants were harvested, dried, and then ground in prep¬ 
aration for analysis. 

Total phosphorus, and one per cent, sulphuric-acid-soluble phosphorus 
were determined by the method described by Bertramson (1). To deter¬ 
mine water-soluble phosphorus, and pH 3 sulphuric-acid-soluble phosphorus, 
a 0.5-gram sample of plant material in 50 ml. of the extracting medium was 
placed on a mechanical shaker for thirty minutes, filtered, and the amount 
of phosphorus in the filtrate ascertained by the method of Truog and 
Meyer (19), using a photoelectric colorimeter. The results are recorded in 
table I. 


Discussion 

The toxicity of aluminum is demonstrated by the low yield of the plants 
grown in the culture solution containing aluminum, a reduction amounting 
to 73.15 per cent. 

The percentage of total phosphorus in the aluminum-toxic plants is 
greater than that of the normal plants. An accumulation of phosphorus in 
these poorly developed plants indicates that some of the phosphorus is not 
being used in the necessary metabolic processes. By comparison with the 
amount of phosphorus in the normal plants there was sufficient phosphorus 
in the aluminum-toxic plants to produce a larger yield than that obtained. 

Attention is called to the distribution of the phosphorus in the plants 
grown in the culture solution containing aluminum. Although there is 
about 50 per cent, reduction in the yield of the roots as compared with the 
normal plants, the amount of phosphorus in the former is 2.3 per cent., in 
contrast with 1.07 per cent, in the normal roots. This would indicate that 
a good portion of the phosphorus is precipitated in the root system, and 
hence becomes unavailable for the growth of the plants. 

The data reveal that the water-soluble phosphorus in the low-yield alumi¬ 
num plants is 0.6 per cent., as compared with 1.24 per cent, of total phos¬ 
phorus. With a total phosphorus content of 2.3 per cent, in the roots of 
these plants, better growth could be expected. With but 0.39 per cent, of 
water-soluble phosphorus present, it is evident, however, that most of the 
phosphorus is in a form which cannot be translocated to the growing regions 
of the plant in amounts sufficient for vigorous growth. Pierre and Stuart 
(17) found that the plant sap from Cos lettuce grown with aluminum in the 
culture solution contained only from one-fifth to one-seventh as much soluble 
inorganic phosphorus as those not receiving aluminum. This, in conjunction 
with other data, led them to believe that aluminum precipitates phosphorus 
within the plant making it unavailable for utilization by the plant. 

If phosphorus is precipitated in the plant as aluminum phosphate, a 
method which would distinguish between organically and inorganically 
bound phosphorus should show relatively high amounts of inorganically 
bound phosphorus in the aluminum plants as compared with the normal 
plants. Such a method has been described by Bertramson (1). Inor- 
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ganieally bound phosphorus is obtained by extracting with one per cent, 
sulphuric acid solution. Organically bound phosphorus is determined by 
the difference between the inorganic fraction and total phosphorus. The 
results recorded in the table are typical of numerous determinations which 
were obtained by the writer with this method. In most instances the anal¬ 
yses for total phosphorus and for inorganic phosphorus were very similar. 
Whatever differences were obtained were hardly significant, nor did the 
results show a consistent trend. Organic phosphorus was a small negative 
quantity as often as a small positive quantity. 

In order to find an extracting medium which might differentiate between 
the phosphorus combined with alujninum, and phosphorus otherwise bound, 
a series of sulphuric acid solutions varying bv units of 0.5 pH from pH 1 to 
pH 5 was prepared. A 0.5-gram sample of plant material from the tops of 
the normal barley plants in 50 ml. of each of the nine solutions of acid served 
as checks against nine similar solutions to which aluminum phosphate as 
A1P0 4 in one group, and as A1 2 (HP0 4 ) 3 in another group had been added 
to the plant material. The solution which just failed to extract phosphate 
from either of the salts was that with a hydrogen ion concentration of pH 3. 
Patten (16) stated that aluminum phosphate in hydrochloric acid was 
precipitated between pH 3 and pH 3.5. Magistad’s (10) data show that at 
pH 5 there was an amount of aluminum equivalent to 2 p.p.m. of aluminum 
oxide in solution, and that there was a rather rapid increase in solubility 
as the acidity increased beyond pH 4.5. Line (9) found that aluminum was 
precipitated as the phosphate from a solution of its salts between pH 3 and 
pH 4. In extracting phosphorus from soil Truog (18) used a sulphuric 
acid solution buffered with ammonium sulphate at pH 3. This solution 
extracted “readily available” phosphorus, and did not extract “difficultly 
available” phosphorus. The latter was considered to exist largely as basic 
ferric phosphate, and possibly also as aluminum and titanium phosphates. 
These experiments indicate that an extraction solution of sulphuric acid of 
pH 3 could be used to determine whether or not there was a difference in the 
aluminum phosphate content of the barley plants grown in the culture solu¬ 
tions used. 

As recorded in table I the amounts of phosphorus extracted from the 
normal plants by the pH 3 acid are practically identical with the total phos¬ 
phorus content. In the poorly developed plants grown in the culture solu¬ 
tion containing aluminum, however, the amount of phosphorus in the whole 
plant extracted by the acid is 0.68 per cent., whereas the total phosphorus 
is 1.24 per cent. The comparison is still more striking when the amount of 
acid-extracted phosphorus of the roots, 0.53 per cent., is compared with the 
total phosphorus content , of the roots, 2.3 per cent. Prom this evidence, 
coupled with the fact that all of the phosphorus was soluble in the sulphuric 
acid of pH 1 which dissolves aluminum phosphate, it is assumed that the 
phosphorus which the pH 3 acid failed to extract is combined with alumi¬ 
num. Tha inactivation of phosphorus by aluminum principally in the roots 
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thus creates an actual deficiency of phosphorus in the various meristematic 
regions of the plant with resultant poor growth. 

Summary 

Analyses of barley plants grown in culture solutions with and without 
aluminum indicate that there is a greater percentage of phosphorus in the 
aluminum-toxic plants than in the normal plants. This accumulation of 
phosphorus is particularly marked in the roots. A low percentage of water- 
soluble phosphorus in these plants indicates that the phosphorus is in¬ 
activated. 

A sulphuric acid solution of pH 3 extracted practically all of the phos¬ 
phorus from the normal plants, but extracted much smaller quantities from 
the plants grown in contact with aluminum. The high total phosphorus and 
low water-soluble phosphorus content of the latter was attributed to the pre¬ 
cipitation of phosphorus by aluminum within the plant. This mutual pre¬ 
cipitation occurs primarily in the roots, and thus causes a phosphorus 
deficiency in meristematic regions which is reflected in sharp reductions 
in yield. 

Rhode Islvnd Agricultural Experiment Station 
Kingston, Rhode Isl\nd 
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BRIEF PAPERS 

PYRROLE DERIVATIVES AND IRON CHLOROSIS IN PLANTS 

8. Abonoff and G. Mackinney 

Pollaoci and Oddo (6) have stated that alpha substituted pyrroles, such 
as the aldehyde and carboxylic acid may replace iron functionally in chloro¬ 
phyll-deficient plants. As a corollary, it was believed that the function of 
iron in green plants was concerned with the formation of pyrrole derivatives 
possessing a labile alpha substituent. Other authors (2, 3) have not eon- 
firmed these experiments. The work was then repeated and the original 
results re-affirmed (5, 7). Following the negative work of Demidenko (1) 
the experiments were again repeated by Lodolettt (4) who extended the 
theory to include non-homologous water insoluble pyrrolic derivatives such 
as acetylmethylindole and acetylmethylbenzo-pyrrole. In view of the con¬ 
tradictory reports, we have repeated some of the work, and tested additional 
compounds. These included pyrrole a-aldehyde, pyrrole ot-earboxylic acid, 
disodium bilirubinate, mesoporphyrin IX, siiecinimide, and tryptophane. 
All the compounds were tested with corn, and in addition, the aldehyde was 
tested with barley and Ohlorella. 

The data reported here are limited by the low yields obtained in the 
laboratory synthesis of the pyrrole derivatives. These must be carefully 
purified to ensure that the observed effect is not ascribed to an accompany¬ 
ing impurity which has been inadvertently added. Furthermore, the results 
were so clear-cut, as to the toxicity or harmlessness of the compounds tested, 
that this brief note would seem warranted. 

Experimentation 

Golden Bantam corn, treated with 1 per cent. HgCl 2 and then 70 per 
cent, alcohol was germinated in the dark at 30° C. for 4 to 5 days, exposed 
to light for 2 to 3 days, and then transferred to aerated nutrient solutions 
(8) containing the essential elements except for iron. The time for almost 
complete chlorosis in the new leaves ranged from 5 days in the summer to 
10 days in the winter. Sacramento barley was similarly germinated, and 
chlorosis was marked in from 4 to 7 days. Chlorella vulgaris was grown in 
a solution containing 1.5 per cent, glucose (purified by autoclaving with 
OaCO { ), 0.001 M KNO.*, K 2 HP0 4 , and MgS0 4 . An air stream containing 
5 per cent. C0 2 was passed through the culture. New cultures were grown 
as needed from 3 ml. of a 10-dav-old suspension. Illumination was by means 
of 30-watt fluorescent lamps, 3 to 4 inches from the culture flasks. 

The compounds tested were added in concentrations ranging from 0.025 
to 0.250 gm. per liter. This dosage is from two-thirds to thirteen times the 
theoretical needed for synthesis of chlorophyll in the green controls. 

Chlorophyll was estimated spectrophotometrically on acetone extracts of 
about sixty samples of homologous leaves in the different experiments, and 
the results for four of the compounds are summarized in table I. 
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In the case of the pyrrole aldehyde and carboxylic acid, the plants wilted, 
developing a purple color in the roots and leaves, and the degree of damage 
increased with increase in concentration. The aldehyde was more toxic than 
the acid, in which ten days was an average survival time, whereas the plants 
were dead in from 1 to 4 days with the former. Mesoporphyrin was also 
toxic, the plants showing severe wilt in 2 days, and dying within 5 days. 
Chlorophyll therefore was not determined. 

To the Chlorella cultures there were added 32, 64, and 128 mg. of pyrrole 
aldehyde per liter. Purple discoloration developed within 48 hours at the 
higher concentrations, and after 72 hours at the low level. 

TABLE I 

Chlorophyll content of plants with added derivatives or substitutes for iron 


Compound 

TESTED 

Chlorotic 

No IRON 

Iron 

Iron , 

Rem \rks 

AND CROP 

CONTROL 

+ COMPOUND 

+ COMPOUND 

CONTROL j 

Pyrrole aldehyde 




i 

Highly 

(Com), 

1.00 

1.20 + 0.29* 


4.53 

toxic 

(Barley) 

Succinimide 

1.00 

1.17 ± 0.05 

1.80 ±0.05 

2.30 

( 4 

(Corn) 

Disodium bilirubinate 

1.00 

0.90 ± 0.00 


4.55 i 

1 

Non toxic 

(Corn) 

Tryptophane 

1.00 

1 1.00 ±0.0.1 

13.2 ±0.1 

35.0 X 

. t 

(Corn) 

1.00 

1.00 ±0.06 


35.0 

4 4 


* The high value is due to the wilted moribund condition of the samples. 

t The toxicity of the aldehyde was apparent even in the presence of four times the 
necessary amount of iron. 

X The controls have high values as the non-toxic compounds could be tested over 
longer periods of time. 

No bilirubinate was visibly absorbed by the roots. Disodium bilirubinate 
is normally oxidized to bilivordinate in 12 hours. This did not happen in 
the culture solution in 8 days. 

The tryptophane and succinimide were Eastman Kodak (techn.). Tryp¬ 
tophane was used without further purification. Succinimide was twice re¬ 
crystallized from acetone. The mesoporphyrin was prepared from hernin 
by reduction of hemin with HI and red phosphorus, and recrystallized from 
HC1. Bilirubin was extracted from gall stones of cattle, and was carefully 
purified. 

The pyrrole carboxylic acid was prepared from pyrrole by the action of 
C0 2 on the Grignard pyrrole. It was recrystallized in H 2 0. 

The aldehyde was synthesized from pyrrole by the usual Reimer-Tiii- 
mann method (KOH + CHCla). It was twice recrystallized from petroleum 
ether. 

Summary 

The theory that pyrrole derivatives may replace iron in the synthesis of 
chlorophyll by green plants has not been confirmed. 

Division of Fruit Products 

The University of California 
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LENGTHENING THE STORAGE LIFE OF APPLES BY REMOVAL 
OF VOLATILE MATERIALS FROM THE 
STORAGE ATMOSPHERE 

F. W. SOUTHWICK AND R. M. SMOCK 

McIntosh apples held in controlled atmosphere storage ( i.e controlled 
oxygen and carbon dioxide levels) will keep two to three times as long as 
similar apples held in ordinary cold storage. When this technique is used, 
volatiles produced by the apples tend to accumulate in the gas tight chamber. 
Because of such accumulations the apple scald disease is likely to be severe 
unless shredded oiled paper is used in quantities around the fruit. 

Attempts have been made to find a cheaper and more satisfactory control 
of this disease than the use of oiled papers. In an earlier report 1 it was 
noted that some promise was shown by various methods of removal of these 
volatiles by “air conditioning” the atmosphere. During the 1942-1943 
season a semi-commercial trial with 1800 bushels of McIntosh apples was 
made of air conditioning the storage atmosphere with a highly refined oil. 
This technique controlled the scald on the more mature lots of fruit in 
storage; but on the greener lots there was four per cent, of scald. While 
this might have been considered commercial control, it is not perfect con¬ 
trol. A semi-commercial trial of air conditioning the atmosphere of a 300- 
bushel controlled-atmosphere chamber full of McIntosh with activated 
lignite charcoal did not give commercial control of scald. While it con¬ 
trolled the disease on the mature lots of fruit, there was thirty per cent, of 
scald on the greener fruits. 

In a series of trials with two-bushel lots of McIntosh apples in controlled- 
atmosphere storage, the only air conditioning agent that gave perfect con¬ 
trol of scald was activated charcoal on which bromine had been adsorbed. 
Untreated activated charcoal did not give control. An oil wash for the 
atmosphere gave results comparable to those described in the semi-commer¬ 
cial test. Alkaline potassium permanganate did not give control. 

A second result noted in the use of brominated charcoal was that the 
storage life of the apples was considerably lengthened (aside from scald con¬ 
trol). Approximately two or three months was added to their storage life. 
Apparently enough ethylene is generated even in controlled atmosphere 
storage by the fruit, that its removal may retard ripening. 

In laboratory trials it had been found that brominated charcoal was the 
only really effective agent in removing naturally evolved ethylene from 
rather ripe fruits. The effect of a rather ripe lot of apples in storage in 
stimulating the ripening of another less ripe lot of fruit in air storage (pre¬ 
sumably through its evolution of ethylene) was eliminated by air condi¬ 
tioning the air with brominated charcoal. 

It was found that activated lignite charcoal was not effective in con¬ 
trolling'scald, although it seemed an excellent absorbent for artificially 
i Smock, R. M., and Southwick, F. W. Some factors affecting the apple scald 
disease. Science n.s. 95: 576-577. 1942. 
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added esters. This would seem suggestive that esters were not the causative 
agent of scald. The fact that bromine is so effective in controlling scald 
suggests that scald is in some way related to an unsaturated hydrocarbon. 

The production of volatiles by McIntosh apples was less in 1942-1943 
than in the previous season—so the results reported may not be as favorable 
in a year of high volatile production and high incidence of scald. 

Preliminary experiments indicate that it is unlikely that scald can be 
easily controlled on a very scald-susceptible variety like Rhode Island Green¬ 
ing by air conditioning the atmosphere with brominated charcoal, since 
excessively rapid air movement is necessary to accomplish control even by 
ventilation with fresh air. 

Department op Pomology 
Cornell University 
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Annual Election. —In the annual election of 1943, Dr. John W. Shive 
was elected as a member of the executive committee for a term of three years. 
A tie vote for a member of the editorial committee has been resolved by the 
executive committee in favor of Dr. E. J. Kraus, who has been elected for 
a term of three years. 

Life Membership Committee. —The Charles Reid Barnes life member¬ 
ship committee has been appointed by the president, Dr. Bernard S. Meyer, 
of Ohio State University. The chairman of the committee is Dr. R. B. 
Harvey, Minnesota. The other members of the committee are Dr. R. E. 
Girton, Purdue; Dr. P. S. Howlett, Ohio State University; Dr. G. S. 
Avery, Connecticut College; and Dr. F. Went, California Institute of Tech¬ 
nology. The 1943 award is the 20th, and is to be awarded to a distinguished 
plant physiologist from some foreign land, according to the provision of the 
by-laws that every fifth award is to be made outside the United States. The 
task of making the selection is always a pleasant one, but made more diffi¬ 
cult than usual by war conditions. Announcement of the award may be 
expected in the January, 1944, issue of Plant Physiology. The original 
announcements have always been a part of the annual dinner ceremonies, 
but there is at the present moment no prospect of a national annual meeting. 
If, however, any regional meeting of the A.A.A.S. or other organizations are 
arranged, notices of such meetings will be made public and all members in¬ 
formed. 

Purdue Section. —The Purdue section of the American Society of Plant 
Physiologists maintains its activities with an interesting series of programs. 
The section meets twice each month in Room 103 Coulter Hall, at 4:00 p.m. 
The following titles are on the program for the first half of the current 
season: 

October 18.—L. J. Swift : The viscosimetric determination of free men¬ 
thol and peppermint oil. 

November 15.—G. B. Cummins : Some defoliation studies on tomatoes. 

December 6.—W. R. Mullison: Some recent experiments in plant 
nutrition. 

December 20.—C. L, Porter : Penicillin to date. 

January 3, 1944. — G. O. Mott : The association of grasses and legumes 
in pasture mixtures. 

January 17.—E. Vf. Stark : Comparative anatomy of woods. 

Dr. Laurenz Greene, Department of Horticulture, is chairman of the Pur¬ 
due section, and represents the Purdue section on the executive committee 
of the society. 
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New England Section. —The executive committee of the New England 
section voted last spring that it was not advisable to hold the regular meet¬ 
ing. It was also decided that the organization should remain in statu quo 
with regard to officers until officers could be elected at a meeting to be held 
under more normal conditions. The secretary, Dr. Linus H. Jones, sug¬ 
gested that members prepare papers, since it seemed that graduate students 
would not be available. 

Committee on the Editorship. —The approaching retirement from active 
service of the present editor-in-chief of Plant Physiology has made it 
necessary to consider the appointment of a successor as of the end of 1944. 
To meet this situation, Dr. Loomis, during his term as president, named a 
committee to canvass the situation. The personnel of the committee is as 
follows: Chairman, Dr. 0. F. Curtis, Cornell University; Dr. F. P. Culu- 
nan, the U. S. Department of Agriculture; Dr. B. M. Duggar, the University 
of Wisconsin; Dr. George W. Scarth, McGill University; and Dr. Sam 
Trelease, Columbia University. 

The executive committee will, of course, have to make the final decision. 
In December, 1943, it will be two years since this matter first came up, and 
a prompt decision is desirable in order that the incoming editor-in-chief 
may become familiar with every phase of the editorial work during the 
remaining year in which cooperation will be possible. The cancellation of 
the annual meeting in 1942 prevented the usual meeting of the executive 
committee, and no opportunity for discussion of the problem has arisen. 
The editor-in-chief desires to cooperate with those who have the responsi¬ 
bility of making the selection, and will be happy to correspond with any 
members of either committee. Time is of the essence, and there is little 
time to lose. 

Errata. —Attention of members and subscribers is called to the list of 
errata at the close of the table of contents of volume 18. We regret the 
errors, and suggest that owners of volumes enter the corrections so that at 
no future time could the errors cause other errors to be made. Thanks are 
accorded to those who kindly called attention to the mistakes. All of our 
authors are requested to take the same interest in their own papers, and to 
report to the editorial office anything that needs correction. 


George Lincoln Teller. —In the death of George Lincoln Teller on 
November 13, 1942, the American Society of Plant Physiologists lost one of 
its older members. Mr. Teller was a well-known figure in cereal chemistry 
and research. Since 1926 he had been president of the Columbus Laboratory 
in Chicago. 

He was born at Colon, Michigan, January 23, 1867. His education was 
obtained in the public schools of Michigan, and at the Michigan State Col¬ 
lege, which granted him the B.S. degree in 1888, and M.S. in 1893. For’two 
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years, 1888-1890, he was assistant chemist at the Experiment Station at 
East Lansing. In 1890 he was called to the Arkansas Station as chemist, a 
position which he held for nine years. He was connected with the Chidlow 
Institute in Chicago for several years, beginning in 1899; and in 1902 he 
began work with the Columbus Laboratory. In 1926 he began his term as 
president of the laboratory. 

He was deeply interested in the chemistry of flour and other cereal 
products, and studied the proteins, mineral content, sugars, diastatic ac¬ 
tivity, etc. He was also a student of starch grain formation and structure. 
Two of his numerous papers were published in Plant Physiology : one on 
changes in nitrogen compounds in the wheat grain at different stages of 
development, in 1935; the other on plant diastase in evidence as to the for¬ 
mation and structure of the starch granules, in 1938. In the Journal of 
Biological Chemistry for 1936 we note a paper entitled: Evidence concern¬ 
ing two types of diastase. He contributed a number of papers to Cereal 
Chemistry, and a series of bulletins from the Columbus Laboratory, re¬ 
printed from the Northwestern Miller, National Miller, American Pood 
Journal, etc. 

He was a man of dynamic personality, and contributed to the growth 
and development of the Columbus Laboratory into a fine testing and re¬ 
search organization. His contribution was a worthy one, a definite humani¬ 
tarian service. He will be greatly missed by his colleagues and friends. 

Mineral Deficiencies.—A very useful color atlas and guide to mineral 
deficiencies in plants has been published by the University of Bristol Agri¬ 
cultural and Horticultural Research Station at Long Ashton, Bristol. The 
work has been prepared by T. Wallace, under the title: The Diagnosis of 
Mineral Deficiencies in Plants by Visual Symptoms . 

There are five chapters of text, following the preface and introduction, 
titled as follows: Essential points in the nutrition of plants; soils in rela¬ 
tion to the supply of mineral nutrients; methods of determining mineral 
deficiencies in crops; visual symptoms of deficiencies in crops; and use of 
the visual method of diagnosis in the field. The discussion is concise and 
yet adequate. The most important part of the work, of course, is the atlas 
of colored plates which are printed two to the page, but they are large 
enough to convey to the student the essential symptoms of deficiency. The 
total number of plates is 114, a very fine coverage. They are arranged into 
a number of groups: 1. Potatoes grown in sand cultures. 2. Natural autumn 
foliage tints. 3. Deficiencies as shown in field crops. The deficiencies illus¬ 
trated are: phosphorus, calcium, magnesium, potassium, iron, manganese, 
and boron. 4. Symptoms which may be confused with natural deficiencies. 
These include virus injuries, insect damage, and chloride toxicity. 

There are always difficulties in reproduction of colors for such works, 
and in this case the principal difficulty seems to be in shades of green, which 
seem to the reviewer to be somewhat too blue in some instances. On the 
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whole, however, it is a very valuable guide, and should prove extremely 
serviceable to the practical grower, as well as to the student who is trying 
to become familiar with troubles of deficiency at sight. 

Many American laboratories and individual workers will want this valu¬ 
able atlas, both for its text, and for its colored plates. The price is only 
10/- net, and the orders should be addressed to H.M. Stationery Office, 

York House, Kingsway, London W.C.2. 

* 

Soil-Yield Theory.—This work, in German, discusses the problems of 
yield from the standpoint of mathmatical computation. It is entitled 
Bodenertrags-Theorie, and the author is Dr. Karl Durr. The introduction 
deals with the methods, and fundamentals of yield theory. The first chapter 
presents the scientific-technical considerations, plant physiological, and the 
application of yield laws to agriculture. The second chapter, with eleven 
sections, deals with the entire course of yield or production as an agricul¬ 
tural problem, and the economics of agricultural production. It takes up 
and discusses in thoroughly modern fashion the problems that confronted 
Malthus and John Stuart Mill . . . and the problems of gross receipts 
(Rohertrag), net receipts (Reinertrag), proceeds (Erlos), and expenses 
(Aufwand). The presentation necessarily involves mathematical equations, 
but these are readily understood by anyone who has given the matter some 
attention. 

The book gives a very good summary of land yield and rental problems, 
based upon sound scientific principles. Eight text figures assist one in 
grasping the mathematical relations. It ought to be a valuable work for 
technical agronomists and plant physiologists, but would have to be inter¬ 
preted in simple terms if it is to become available to the ordinary agricul¬ 
turist. Agricultural economy is a complex problem, and few dirt farmers 
have any conception of the intricate economic relationships of production 
factors. 

The book, with brief index, occupies only 96 pages. It is bound in paper. 
The publisher is Verlag Fr. Diirig, Ostermundigen-Bern, Switzerland. 
The price quoted is very reasonable, 4.5 Swiss francs. Orders should be sent 
to the publisher at the address given. 

Cellulose and Cellulose Derivatives.—A compendious work dealing 
with cellulose and its derivatives has been prepared by a group of special¬ 
ists under the editorship of Dr. Emil Ott, Director of Research of the 
Hercules Powder Co., Wilmington, Delaware. It belongs in the series deal¬ 
ing with High Polymers, volume V in the series. There are several dozen 
contributors to the volume, and the contents are arranged into ten chapters 
with the following titles: Occurrence of cellulose; chemical nature of cellu¬ 
lose and its derivatives; structure and properties of cellulose fibers; carbo¬ 
hydrates normally associated with cellulose in nature; lignin and other non¬ 
carbohydrates; preparation of cellulose from its natural sources; bleaching 
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and purification of cellulose; derivatives of cellulose; physical properties of 
cellulose and its derivatives; and technical applications of the physical prop¬ 
erties of cellulose and its derivatives. 

The indexes are unusually full, and occupy 66 pages. The entire mono¬ 
graph contains 1176 pages, and its size of course makes it an expensive book 
to own. The price quoted is $15.00 per copy. Nevertheless, one cannot 
anywhere else obtain so full an account of cellulose, its nature and uses. 
The Interscience Publishers, Inc., deserve congratulations for the fine service 
they are rendering to scientific and industrial progress in the publishing of 
such books as Cellulose and Cellulose Derivatives . 

Copies may be ordered from the publishers, Interscience Publishers, Inc., 
215 Fourth Ave., New York, N. Y. 
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gation with, 99 

Hydrogen, effect of, on stimulating action 
of applied current, 388 
effect on response of inherent potentials 
to alternating current stimulation, 
583 
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the storage atmosphere, 716 
Life membership, Charles Reid Barnes 
award to O. L. Sponsler, 136 
committee of award for 1943, 718 
Light, and chlorophyll’synthesis in recov¬ 
ery from chlorosis in Chlorella, 456 
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tium, effect of boron on, 415 
Nitrogen, amide, ammonia, nitrate, analy¬ 
sis for, 147 

amino, analysis for, 148 
deficiency, in strawberry, 330 
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anion balance, 224 

Organic reserves, amount, distributional 
and seasonal trend, in root system of 
field bindweed, 167 

Ott, Emil, Cellulose and cellulose deriva¬ 
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nism for changes in, 308 
Pectin metabolism, in curing processes of 
sweet potatoes, 551 
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Phosphate deficiency, in strawberry, 330 
Phosphorus, in pineapple plants, 622 
internal precipitation of, in relation to 
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serves of, 167 

Roots, of perennial ryegrass, composition 
of, following partial defoliation, 656 
Rosene, Hilda F., Quantitative measure¬ 
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Season, dormant, transpiration rates of 
forest tree species during, 252 
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ture conditions, 524 
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37 
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light recorder for field use, 131 
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eter, 693 
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656 

Substances, growth, influence on pollen 
germination and pollen tube growth, 
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growth regulating, effects on growth 
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pectic, non-enzymatic mechanism for 
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Substrate, hydrogen-ion concentration of, 
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moss plants, 530 
Sudan grass, chlorosis in, 303 
Sugar, reducing, analysis for, 148 
Sugars, in relation to color and thio¬ 
cyanate spray in apples, 488 
Sullivan, J. T., Composition of the roots 
and stubble of perennial ryegrass fol¬ 
lowing partial defoliation, 656 
Sulphate, concentration, and chlorophyll 
synthesis, in chlorosis of Chlorella, 
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utilization, in nutrition of alfalfa, 345 
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deficiency, in Chlorella, a quantitative 
study of chlorosis, 449 
dioxide utilization, in nutrition of 
alfalfa, 345 

nutrition of alfalfa, 345 
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creasing rate of seed germination of, 
288 
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perature on, 384 

Tissue, culture, a handbook of, by Philip 
R. White, 538 

fluid, of cabbage, oxidation-reduction 
potentials of, 107 

plant, system of analysis for, by use of 
plant juice, 141 

Tobacco, burley, changes in water-soluble 
nitrogenous constituents of, during 
curing, 433 

plants, mosaic infected, respiration of, 
90 

Tolerance, salt, differences in, exhibited 
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on, 556 

stem growth, effect of root system on, 
51 

Toxicity, aluminum, in relation to in¬ 
ternal precipitation of phosphorus, 
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of boron, 429 
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mett Maeun, 541 
effect of bordeaux on, 510 
rate, of forest tree species, during the 
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